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The  section  of  tunnel  that  experienced  distress  is  at  a  depth  of  approxi¬ 
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ment  procedures  were  such  that  cold  joints  occurred  in  the  liner. / 

The  tunnel  was  completed  and  placed  in  service  in  1972;  however,  the 
distress  actually  began  immediately  following  construction  as  soon  as  the 
groundwater  level  was  sufficiently  high  to  initiate  piping  of  soil  through  the 
open  construction  and  cold  joints.  This  piping  took  place  over  a  significant 
period  of  time.  As  greater  loss  of  support  occurred,  the  concrete  liner  de¬ 
formed,  the  joints  opened  wider,  and  more  soil  was  allowed  to  pipe  into  the 
tunnel.  These  events  progressed  until  the  distress  was  manifested  by  the 
crack  pattern  found  and  by  total  collapse  at  Distressed  Area  1  and  partial 
collapse  at  Distressed  Area  3.  Varying  degrees  of  distress  were  experienced 
along  the  2600-ft  section  depending  upon  the  location  of  the  strata  of  piping 
soil  with  respect  to  open  construction  joints  and/or  cold  joints. 
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PREFACE 

This  study  was  conducted  during  the  period  March  through  August 
1980  by  the  Geotechnical  Laboratory  (GL)  and  the  Structures  Laboratory 
(SL)  of  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES),  and 
the  Construction-Operations  Division  of  the  U.  S.  Army  Engineer  District, 
Detroit.  The  U.  S.  Army  Corps  of  Engineers  (CE)  was  authorized  to  per¬ 
form  the  study  by  a  letter  dated  11  March  1980  from  Region  V,  U.  S. 
Environmental  Protection  Agency  (EPA).  The  WES  portion  of  the  study  was 
authorized  by  Detroit  District's  Intra-Army  Order  for  Reimbursable 
Services  No.  NCE-IA-80-055  dated  27  March  1980. 

The  construction  portion  of  this  report  was  prepared  by 
Messrs.  D.  Albert  and  B.  Lc  'nee  of  the  Construction-Operations  Division, 
Detroit  District.  The  geotechnical  portion  of  this  report  was  prepared 
by  Messrs.  W.  L.  Murphy  and  W.  E.  Stro'm,  Jr.,  of  the  Engineering  Geo¬ 
logy  and  Rock  Mechanics  Division  (EGRMD) ,  GL,  and  Mr.  G.  B.  Mitchell, 
Chief,  Engineering  Group,  Soil  Mechanics  Division  (SMD) ,  GL.  Messrs. 

G.  C.  Hoff,  Chief,  Materials  and  Concrete  Analysis  Group,  Concrete 
Technology  Division  (CTD) ,  SL,  and  P.  F.  Mlakar  of  the  Structural 
Mechanics  Division  (SMD),  SL,  prepared  the  structural  portion. 

COL  Nelson  P.  Conover,  CE,  was  Commander  and  Director  of  the  WES 
during  the  preparation  of  this  report.  Mr.  F.  R.  Brown  was  Technical 
Director.  COL  Robert  V.  Vermillion  was  District  Engineer,  Detroit 
District . 
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15  MILE  ROAD/EDISON  CORRIDOR 
SEWER  TUNNEL  FAILURE  STUDY 
DETROIT  AREA,  MICHIGAN 


PART  I:  INTRODUCTION 


Study  Authority 


1.  On  10  March  1980  Region  V,  U.  S.  Environmental  Protection 
Agency  (USEPA) ,  requested  that  the  U.  S.  Army  Engineer  Division,  North 
Central  (NCD) ,  initiate  a  technical  evaluation  (hereinafter  designated 
a  study)  to  determine  the  cause  of  a  sewer  tunnel  failure  at  15  Mile 
Road/Edison  Corridor,  Sterling  Heights,  Michigan. 

2.  On  11  March  1980  Region  V,  USEPA,  sent  a  letter  to  the  U.  S. 
Army  Engineer  District,  Detroit,  indicating  that  under  the  terms  of 
Appendix  A  of  Interagency  Agreement  No.  EPA-78-D-X0267  the  Corps  was 
being  assigned  a  special  on-site  inspection/study  of  the  sewer  tunnel 
failure . 

3.  On  12  March  1980  the  NCD  officially  directed  the  Detroit 
District  to  implement  the  necessary  steps  required  to  perform  a  study 
of  the  factors  that  resulted  in  the  tunnel  failure. 

4.  In  a  hearing  held  on  12  March  1980  the  Detroit  District 
Engineer,  Colonel  Robert  V.  Vermillion,  received  an  official  request 
from  the  Honorable  John  Feikens,  Chief  Judge,  U.  S.  District  Court  for 
the  Eastern  District  of  Michigan,  to  investigate  the  cause(s)  of  the 
tunnel  failure.  However,  the  Detroit  District  advised  the  Court  that 
it  had  already  been  asked  to  perform  a  study  of  the  failure  for  USEPA. 
Judge  Feikens  agreed  that  the  Detroit  District  would  conduct  this  study 
under  the  aforementioned  interagency  agreement. 

Purpose 

5.  The  purpose  of  this  study  was  to  determine  the  factor  or 
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combination  of  factors  that  caused  the  sewer  tunnel  to  experience 
distress. 


Scope 

6.  By  direction  of  the  Court,  this  report  is  limited  to  findings 
of  fact  and  the  application  of  scientific  and  engineering  principles  to 
those  facts  to  draw  technical  conclusions.  This  study  was  limited  to  a 
segment  of  sewer  tunnel  located  in  Sterling  Heights,  Michigan,  between 
15  Mile  Road  and  the  Red  Run  Drain  (approximately  2600  ft),  where  three 
failed  sections  occurred.  This  segment  was  a  part  of  the  City  of 
Detroit's  Contract  No.  PCI-7,  constructed  between  10  February  1970  and 
15  July  1972.  This  study  reviewed  and  analyzed  the  following: 

£.  Tunnel  construction  procedures  and  materials. 

1).  Geotechnical  and  groundwater  conditions. 

£.  Structural  soundness  and  design  of  primary  and  secondary 
tunnel  linings. 

Participants  and  Coordination 

7.  In  response  to  the  requests  from  EPA  (Region  V),  .Judge  Feikens, 
and  NCD,  the  Detroit  District  determined  the  resources,  both  in-house 
and  Corps-wide,  that  would  be  needed  to  accomplish  the  tunnel  failure 
study. 

8.  The  failure  study  was  designated  as  one  of  the  District's  top 
priorities.  The  District  EPA  Coordinator  was  assigned  the  task  of 
initiating,  directing,  and  coordinating  the  tunnel  failure  study.  Some 
of  the  District's  technical  resources  were  made  available  to  assist  in 
the  formulation  of  the  entire  study.  Construction-Operations  Division 
provided  a  project  manager,  an  assistant  project  manager,  and  an  on¬ 
site  resident  monitor.  The  project  manager  was  responsible  for  coordi¬ 
nating  all  personnel  and  activities  involved  in  the  study,  and  acted  as 
the  central  contact  for  the  District.  The  assistant  project  manager 
assisted  the  project  manager  and  performed  major  activities,  sucli  as 


6 


data  collection,  .safety  programming,  and  procurement  processing.  T.ie 
on-site  resident  monitor  observed  the  bypass  (Contract  No.  CS-858)  and 
temporary  repair  construction  and  assisted  in  the  management  and  coor¬ 
dination  of  the  Corps'  field  investigation.  Construction  Branch  re¬ 
viewed  the  contract  and  construction  records  to  identify  factors  or 
construction  difficulties  that  may  have  been  related  to  the  tunnel 
failure.  The  Engineering  Division  provided  geotechnical  and  design 
engineers  to  assist  in  the  review  of  the  tunnel  design  assumptions  and 
the  actual  tunnel  construction  utilized  in  Contract  No.  PCI-7. 

9.  Personnel  of  the  U.  S.  Army  Engineer  Waterways  Experiment 
Station  (WES)  in  Vicksburg,  Mississippi,  were  contacted  to  supplement 
the  resources  required  to  perform  the  study. 

10.  On  20  March  1980  the  WES  agreed  to  provide  a  team  of  profes¬ 
sional  experts,  as  required,  to  evaluate  the  geotechnical,  structural, 
and  construction  factors  that  may  have  caused  the  tunnel  failure.  The 
scope  of  work  performed  by  the  WES  personnel  included: 

a.  Visits  to  site,  as  necessary. 

_b.  Assistance  in  the  identification,  collection,  and  review 
of  existing  data  essential  to  this  study. 

jc.  Determination  of  additional  data  requirements  (soil  bor¬ 
ings,  concrete  cores,  etc.). 

<1.  Assistance  in  preparation  of  plan  of  study. 

e_.  Responsibility  for  testing  and  analyzing  all  data  col¬ 
lected  in  the  field  investigation. 

_f.  Providing  written  evaluation  on  sewer  tunnel  design  and 
construction. 

£.  Providing  written  findings  of  facts  on  the  causes  of  the 
tunnel  failure. 
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PART  II:  PROBLEM  IDENTIFICATION 


Background 

11.  As  mentioned  previously,  the  segment  of  sewer  tunnel  where 

the  failures  occurred  was  part  of  Contract  No.  PCI-7.  This  contract  con¬ 
sisted  of  the  construction  of  approximately  13,633  ft  of  sewer  tunnel. 
Contract  No.  PCI-7  was  a  part  of  a  tunnel  network  constructed  by  the 
City  of  Detroit  to  serve  Macomb  and  Oakland  Counties.  The  network, 
which  is  several  miles  in  length,  had  similar  designs  throughout  and  was 
built  with  the  assistance  of  USEPA  grant  funds.  Tiie  site  location  is 
shown  in  Figure  1,  General  Area  Map. 

12.  The  design  for  this  sewer  tunnel  was  prepared  by  the  City  of 
Detroit  and  is  discussed  in  more  detail  later  in  this  report.  The  de¬ 
sign  assumed  that  the  tunnel  would  be  uniformly  loaded  externally  and  be 
in  perfect  ring  compression.  The  surrounding  soil  was  assumed  to  have 
no  shear  strength.  The  concrete  wall  thickness  was  a  function  of  the 
soil  cover  to  the  springline  and  the  inside  diameter  of  the  tunnel.  The 
compressive  strength  of  the  concrete,  using  these  design  assumptions, 
had  a  safety  factor  of  about  7.  For  this  tunnel,  the  inside  diameter 
was  specified  to  be  12  ft  9  in.  and  the  wall  thickness  16  in.  The  re¬ 
quired  concrete  compressive  strength,  f  ,  was  computed  to  be  482  psi. 

13.  The  contractor  constructed  this  sewer  by  boring  a  circular 
tunnel  with  a  mining  machine  and  holding  the  soil  in  place  with  steel 
ribs  and  wood  lagging  (see  Figure  2,  Tunnel  Cross  Section).  Steel 
forms  were  centered  in  the  ribs  and  lagging  of  the  primary  lining,  and 
concrete  was  dropped  from  the  ground  surface  through  baffled  pipes  to 
place  the  concrete  lining.  Generally,  the  concrete  placements  for  the 
lining  were  105  ft  long.  Keyways  were  formed  at  the  construction  joint 
for  each  concrete  placement.  The  tunnel  design  did  not  provide  for  any 
steel  reinforcing;  however,  when  the  concrete  wall  thickness  was  between 
15  in.  and  12  in.,  reinforcing  was  required.  Thicknesses  less  than 

12  in.  were  not  allowed  and  remining  was  required  to  provide  minimum 
wall  tiiickness.  The  contractor  sank  deep  wells  to  dewater  the  project 
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PRIMARY  LINING  =  A"  Wood  Lagging 


Figure  2.  Tunnel  cross  section 


area  during  construction.  The  initial  specifications  did  not  require 
the  use  of  waterstops  at  construction  joints,  but  during  construction, 
the  contractor  received  change  orders  to  add  waterstops.  Waterstops 
are  either  metal  (copper  or  stainless  steel)  or  polymeric  (rubber  or 
vinyl  chloride)  appurtenances  which  are  cast  in  the  concrete  of  two  dif¬ 
ferent  adjoining  placements  in  such  a  manner  that  they  span  the  joint 
between  the  two,  preventing  the  passage  of  water  or  other  liquids 
through  that  joint.  The  waterstop  locations  were  determined  ir  the 
field,  based  on  soil  conditions  encountered  during  mining,  and  are 
given  later  in  this  report. 

14.  On  12  July  1972  the  City  inspected  the  substantially  complete 
sewer  tunnel  and  it  appeared  to  be  in  an  acceptable  condition. 

15.  On  27  January  1980  the  Detroit  Water  and  Sewerage  Department 
(DWSD)  sewer  safety  crew  performed  an  inspection  of  Contract  PCI-7. 

The  crew  entered  the  tunnel  through  a  manhole  just  south  of  15  Mile  Road, 
walked  one  mile  southward,  and  exited  from  a  manhole  south  of  the  center 
line  of  14  Mile  Road.  It  was  during  this  inspection  that  the  three 
distressed  areas  in  the  sewer  tunnel  were  discovered  (see  Figure  3, 

Tunnel  Plan  and  Elevation  Sketch).  No  record  of  an  inspection  between 
1972  and  1980  was  found. 


Study  Chronology 

16.  On  8  February  1980  the  Detroit  District  initiated  an  on-site 
monitoring  assignment  at  the  bypass  construction  site  (Contract 

No.  CS-858)  located  in  the  Edison  Corridor  between  15  Mile  Road  and  the 
Red  Run  Drain,  Sterling  Heights,  Michigan. 

17.  On  18  March  1980  Detroit  District  personnel  were  in  the  DWSD 
offices  collecting  contract  documentation  and  history  concerning  Con¬ 
tracts  No.  PCI-7  and  No.  CS-858.  On  30  May  1980  a  letter  was  trans¬ 
mitted  to  the  DWSD  requesting  clarification  on  some  aspects  of  the 
contract  documentation  and  history  reviewed.  On  20  June  1980  the 

DWSD  provided  a  written  response  to  our  inquiries.  The  following  con¬ 
tract  documentation  and  historical  items  were  reviewed  and  are  on  file 


at  the  Detroit  District  and  the  WES: 


<a.  A  set  of  Contract  No.  PCI-7  as-built  plans  and 
specifications. 

b.  The  plans  for  Contract  No.  CS-858  (no  specifications 
issued  for  this  construction;  work  under  emergency 
status) . 

£.  Inspector's  reports  and  daily  reports  for  PCI-7, 
ch  Soil  data  and  boring  logs  for  PCI-7  and  CS-858. 

£.  Design  calculations  for  Contract  No.  PCI-7. 

_f.  Shop  drawings  for  PCI-7. 

£.  Groundwater  data  collected  during  Contract  No.  CS-858. 

]i.  Tunnel  profiles  proposed  under  CS-858. 

18.  The  City  made  a  videotape  of  the  distressed  areas  and  the 
Detroit  District  made  complete  pictorial  surveys  of  the  tunnel  (Con¬ 
tract  No.  PCI-7,  Sta  136+00  to  Sta  110+00)  which  are  on  file  at  the 
Detroit  District  and  the  WES. 

19.  On  21  April  1980  a  WES  drilling  crew  and  equipment  arrived 
at  the  bypass  construction  site.  All  but  two  of  the  soil  borings  were 
completed  and  the  samples  delivered  to  the  WES  for  analysis  and  testing 
on  21  May  1980.  Samples  from  the  two  remaining  soil  borings  and  all 
the  concrete  cores  were  delivered  to  the  WES  on  25  June  and  9  July  1980. 
A  large  piece  of  concrete  was  taken  out  of  Distressed  Area  No.  1  and 
delivered  to  the  WES  on  7  August  1980. 

20.  During  the  period  May-August  1980,  the  WES  performed  labora¬ 
tory  tests  on  the  soil  and  concrete  samples  obtained  from  the  site. 

21.  On  15  June  1980  a  plan  of  study  was  presented  to  the  USEFA 
(Region  V)  and  NCD.  This  plan  of  study  presented  the  analysis  approach 
by  which  the  factors  contributing  to  the  tunnel  failure  would  be 
determined . 
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PART  III:  STUDY  METHODOLOGY 


Construction 


Ch  ronology 

22.  On  16  December  1969  the  Common  Council  for  the  City  of 
Detroit  approved  the  award  of  Contract  No.  PCI-7  to  the  low  bidder, 
Michigan  Sewer  Construction  Company,  in  the  amount  of  $8,977,765.  This 
contract  consisted  of  the  construction  of  approximately  13,633  ft  of 
sewer  tunnel.  The  north  and  south  limits  of  this  contract  were  desig¬ 
nated  as  Sta  136+33  and  Sta  0+00,  respectively.  (This  study  was  re¬ 
stricted  to  that  segment  of  tunnel  between  Sta  136+02  and  Sta  103+00  in 
which  three  distressed  areas  occurred.) 

23.  On  10  February  1970  the  City  issued  a  start  work  order  to 
the  contractor.  The  contractor  started  this  construction  project  by 
constructing  a  work  shaft  at  Sta  51+66.  The  contractor  intended  to 
mine  north  and  south  from  this  shaft.  However,  mining  in  the  north 
heading  was  halted  on  1  September  1971  when  water  and  mud  from  the  Red 
Run  Drain  flooded  the  tunnel  at  approximately  Sta  103+23. 

24.  On  13  October  1971  the  contractor  placed  a  "Caldwell"  mining 
machine  in  the  work  shaft  at  Sta  136+02.  The  contractor  started  mining 
this  new  south  heading  on  27  October  1971. 

25.  Between  27  October  1971  and  24  May  1972,  the  contractor 
mined  the  new  south  heading  between  Sta  135+86  and  Sta  103+63.  See 
Table  1,  Excavation  Summary,  for  a  detailed  breakdown  of  starts  and 
stops  of  mining,  feet  mined  per  day,  number  of  steel  ribs  between 
stations,  soil  conditions  encountered,  problems  encountered,  and  sig¬ 
nificant  events  such  as  remining  and  resetting  of  ribs.  These  data  were 
obtained  by  a  thorough  search  of  all  available  records. 

26.  Between  13  March  1972  and  21  June  1972,  the  contractor 
placed  the  concrete  lining  between  Sta  135+82  and  Sta  103+47.  See 
Table  2,  Concrete  Summary,  for  a  detailed  breakdown  of  the  concrete 
placement  dates,  stationings,  durations,  operations,  problems,  and 
notes  such  as  waterstop  locations  and  resteel  installation.  These  data 
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were  also  obtained  during  the  records  search. 


Plans  and  Speci£ications/Change  Orders 

27.  The  plans  and  specifications  for  Contract  No.  PCI-7  were 
collected  and  reviewed  for  this  study;  however,  they  were  not  included 
in  the  body  of  this  report.  These  plans  and  specifications  will  be  kept 
on  file  in  both  the  Detroit  District  Office  and  the  WES  for  review  by 
interested  parties. 

28.  Some  changes  were  made  to  the  contract  plans  and  specifica¬ 
tions.  The  documented  contract  change  orders  are  as  follows: 

<a.  Change  Order  No.  1  extended  the  contract  substantial 

completion  date  of  1  July  1971  to  21  July  1971,  and  the 
final  completion  date  of  30  September  1971  to  20  October 
1971.  This  time  extension  was  precipitated  by  the  oc¬ 
currence  of  an  operating  engineers  strike  (Local  324) 
from  1  September  1970  to  20  September  1970.  The  con¬ 
tractor  requested  a  26-dav  time  extension  but  the  Citv 
only  allowed  him  a  20-day  extension.  The  total  contract 
price  was  not  affected  by  this  change  order.  The  issu¬ 
ance  of  the  change  order  was  approved  by  the  Board  of 
Water  Commissioners  on  26  July  1971. 

Id.  Change  Order  No.  2  provided  for  the  installation  of 

waterstops  in  certain  portions  of  the  tunnel  where  un¬ 
acceptable  soil  conditions  were  encountered.  The  water- 
stops  were  intended  to  prevent  imminent  infiltration  of 
water  and  soil  into  the  tunnel  and  thereby  eliminate 
potential  damage  due  to  loss  of  ground  support  (see 
Table  2,  Concrete  Summary,  for  waterstop  locations). 

The  contractor  was  to  install  waterstops,  where  required, 
on  a  cost  plus-limited  amount  basis.  The  cost  increase 
for  this  change  was  not  to  exceed  $3400  ($2000  for  split 
bulkhead  and  $1400  for  the  waterstops;  approximately  7 
waterstops  were  anticipated).  No  time  extension  was  al¬ 
lowed  for  this  change.  The  issuance  of  this  change  order 
was  approved  by  the  Board  of  Water  Commissioners  on 
10  January  1972  and  by  the  City's  Common  Council  on 
18  January  1972. 

c_.  Change  Order  No.  3  provided  for  the  construction  of  one 
interceptor  bulkhead  south  of  the  Red  Run  Drain.  This 
change  deleted  a  bulkhead  from  Contract  No.  PCI-6  and 
allowed  the  construction  of  an  exit  shaft  between  these 
two  adjoining  contracts.  Accordingly,  a  deduction  of 
$1000  was  approved  for  Contract  No.  PCI-6.  The  bulkhead 
was  relocated  into  Contract  No.  PCI-7.  No  time  exten¬ 
sion  was  allowed  for  this  change  order.  The  issuance  of 
this  change  order  was  approved  by  the  Board  of  Water 
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Commissioners  on  20  March  1972  and  by  the  City's  Common 
Council  on  28  March  1972. 

ch  Change  Order  No.  4  provided  for  the  installation  of 

waterstops  in  all  remaining  concrete  construction  joints 
and  the  alteration  of  three  steel  bulkheads  to  accommo¬ 
date  the  waterstops.  This  change  order  increased  the 
contract  price  by  an  amount  not  to  exceed  $9600,  with 
the  final  price  to  be  fixed  by  a  confirming  change  order 
when  the  cost  was  determined  ($6000  for  the  three  bulk¬ 
heads  and  $3600  for  the  waterstops;  approximately  18 
waterstops  were  anticipated).  No  time  extension  was 
allowed  under  this  change  order.  The  issuance  of  this 
change  order  was  approved  by  the  Board  of  Water  Com¬ 
missioners  on  30  May  1972  and  by  the  City's  Common 
Council  on  13  June  1972. 

e^.  Change  Order  No.  5  established  the  final  price  for  Change 
Orders  Nos.  2  and  4.  The  work  under  the  initial  two 
change  orders  (Nos.  2  and  4)  had  been  completed  and  the 
total  amount  owed  the  contractor  was  determined  to  be 
$11,078.18.  The  work  under  this  change  order  included 
alteration  of  4  split  bulkheads  and  installation  of  19 
waterstops.  No  time  extension  was  allowed  under  this 
change  order.  The  issuance  of  this  change  order  was  ap¬ 
proved  by  the  Board  of  Water  Commissioners  on  29  January 
1973. 

_f.  Change  Order  No.  6  deleted  the  required  bulkhead  on 
Contract  PCI-7  at  the  junction  between  Contract  Nos. 

PCI-7  and  PCI-12A.  The  contractor  requested  deletion 
of  the  bulkhead  because  of  coordination  problems  with 
adjoining  work  performed  by  others.  The  City  agreed  that 
it  would  be  more  advantageous  to  have  the  bulkhead  con¬ 
structed  under  Contract  No.  PCI-12A.  This  change  order 
reduced  the  contract  price  by  $1500.  This  change  order 
had  no  effect  on  the  contract  completion  dates. 

29,  Certain  deviations  to  the  contract  plans  and  specifications 
occurred  during  the  construction  of  this  sewer  tunnel.  These  deviations 
are  as  follows: 

a.  Detailed  Specifications,  Section  1.III.3,  Tunnel  Excava¬ 
tion,  Paragraph  C,  Full  Circle  Steel  Ribs,  page  1.7,  re¬ 
quired  that  no  part  of  ribs  will,  when  in  place,  protrude 
into  the  specified  tunnel  wall  thickness  and  that  rib 
sections  shall  fit  closely  for  bolted  connections  at 
segmental  and  transverse  joints.  Also,  the  bolt  connec¬ 
tions  were  to  be  capable  of  developing  the  full  strength 
of  the  ribs.  At  least  some  of  the  ribs  which  were  in¬ 
stalled,  as  documented  by  the  dur ing-construct ion  photo¬ 
graphs,  and  ribs  removed  at  the  access  shaft  during  the 
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bypass  construction  had  bearing  plates  that  extended  past 
the  interior  flange  of  the  ribs  and  into  the  tunnel  wall 
thickness.  The  full  circle  ribs  were  oriented  so  that 
bearing  plates  were  located  at  the  invert,  at  the 
10  o'clock  and  the  2  o'clock  positions.  As  the  mining 
machine  advanced,  the  steel  ribs  were  hydraulically 
jacked  out  against  the  surrounding  soil.  This  jacking 
left  a  space  between  the  bearing  plates  at  the  10  and 
2  o'clock  positions.  Steel  spacers  were  placed  between 
the  bearing  plates.  The  approved  shop  drawing  shows 
the  rib  bearing  plates  with  bolt  holes  located  on  both 
sides  of  the  rib  web.  However,  con:truction  photographs 
show  that  the  bolt  holes  were  actually  located  on  that 
portion  of  the  bearing  plate  which  extended  past  the 
interior  flange  of  the  ribs.  During-construction  photo¬ 
graphs  confirm  the  above-mentioned  condition. 

Ij.  Under  this  same  section  of  specifications,  a  requirement 
was  added  by  Bulletin  No.  5  where  in  no  case  shall  the 
soil  be  supported  only  by  ribs  and  wood  lagging  for  a 
period  longer  than  seven  consecutive  days.  The  In¬ 
spector's  Reports  indicate  that  there  was  approximately 
a  5-month  delay  before  the  concrete  lining  was  placed 
inside  the  full  circle  rib  and  wood  lagging. 

Mr.  Beckham's  2l  June  1980  response  to  our  30  May  letter 
of  inquiry  confirmed  that  this  time  lag  was  approved  by 
the  City. 

£.  Detailed  Specifications,  Section  2. II. 3,  Fine  Aggregate 
(Sand),  Paragraph  A,  Physical  Requirements,  page  2.2, 
required  testing  for  organic  impurities,  tensile 
strength,  and  soundness.  The  test  reports  for  these 
physical  requirements  were  not  found  during  our  review 
of  the  contract  documentation  and  files. 

cl.  Detailed  Specifications,  Section  2. II. 4,  Coarse  Aggre¬ 
gate,  Paragraph  A,  Physical  Requirements,  page  2.4,  re¬ 
quired  testing  for  soundness,  loss  by  washing,  other 
deleterious  substances,  and  thin  and  elongated  pieces. 

The  test  reports  for  these  physical  requirements  were 
not  found  during  our  review  of  the  contract  documenta¬ 
tion  and  files. 

£.  Detailed  Specifications,  Section  2. II. 4,  Coarse  Aggre¬ 
gates,  Paragraph  B,  Gradation,  page  2.5,  required  that 
only  60  to  90  percent  of  the  6A  coarse  aggregate  pass 
the  l-in.-sq  sieve  openings.  All  the  Metro  Water  De- 
partment-Detroit  Division  of  Engineering  Mechanical 
Analysis  Reports  showed  that  100  percent  of  the  6A 
coarse  aggregate  passed  the  l-in.-sq  sieve  openings. 

f_.  Detailed  Speci  f  ica  t  ions ,  Section  2.  III. 2,  Forms,  Para¬ 
graph  E,  Removal  of  Forms,  page  2.10,  specified  that  the 
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time  of  removal  of  forms  shall  be  at  least  36  hours  after 
concrete  placement  was  terminated.  Discussions  with  the 
City  of  Detroit's  inspector  on  this  construction  contract 
disclosed  that  the  majority  of  the  south  heading  utilized 
140  ft  of  tunnel  forms.  A  review  of  the  City's  records 
indicates  that  concrete  was  generally  placed  in  105-ft 
segments.  The  practice  was  to  strip  the  remaining  35  ft 
of  the  second  to  the  last  placement  and  the  upstream 
70  ft  of  t lie  last  placement  to  form  the  next  105  ft. 

This  left  35  ft  of  forming  in  place  on  the  downstream  end 
of  the  last  placement.  When  concrete  was  placed  every 
day,  the  day  shift  would  strip  forms,  reset  forms,  and 
place  concrete.  The  second  shift  cleaned  up  ahead  of 
forms,  removed  form  bolts,  and  began  stripping  forms  (no 
third  shift).  In  the  area  of  this  study,  the  duration 

~  between  concrete  placements  was  approximately  16  hours. 

This  means  that  the  last  placement  had  70  ft  of  forms 
stripped  within  16  hours  after  placement,  less  than  one- 
half  the  specified  minimum. 

g.  Detailed  Specifications,  Section  2. III. 6,  Mixing  Concrete, 

*  Paragraph  F,  Samples  for  Concrete  Strength,  page  2.16, 

*  specified  that  three  standard  test  cylinder  specimens  be 

made  for  each  run  of  50  cu  yd  or  less,  and  for  each 

i  100  cu  yd  poured.  The  available  contract  records  on 

concrete  sampling  show  that  the  average  concrete  pour 

*  in  the  study  area  was  approximately  260  cu  yd  for  which 

*  only  two  cylinders  were  normally  made. 

li.  Detailed  Specifications,  Section  2. III. 7,  Placing  Con¬ 
crete,  Paragraph  B,  Concrete  Drop  Holes,  page  2.17,  re¬ 
quired  that  the  drop  pipe  have  a  pocket  or  remixing  box 
at  the  lower  end  to  permit  remixing  of  the  concrete  be¬ 
fore  it  flowed  into  the  forms.  Also,  this  paragraph 

'  specified  that  a  flexible  pipe  or  boot  be  connected  to 

t  he  side  of  the  remixing  box  on  the  drop  pipe  (extending 
around  the  arch  of  the  forms  and  down  to  the  springline) 
to  reduce  the  free  fall  of  the  concrete.  Mr.  Beckham's 
20  June  1980  response  letter  states  that  the  drop  pipe 
end  consisted  of  a  90-deg  elbow  and  no  mention  was  made 
of  the  pocket  for  remixing  nor  the  use  of  a  flexible  pipe 
or  boot.  A  discussion  witli  the  City's  inspector  con¬ 
firmed  that  the  concrete  was  placed  through  a  drop  pipe 
without  using  the  specified  pocket  and  flexible  pipe  or 
boot . 

_i.  Detailed  Specifications,  Section  2. III. 8,  Construction 
Joints,  Paragraph  A,  General,  page  2.18,  specified  that 
tne  contact  surface  of  any  joint  would,  after  being 
cleaned,  be  coated  with  a  waterproof  material  before 
adjoining  concrete  was  placed.  In  particular,  the  verti¬ 
cal  construction  joints  would  be  coated  with  a  cold 
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bituminous,  fibrous  compound  Flinkote  # 200  or  equal. 
Inspections  made  during  our  field  investigation  and 
cores  taken  at  joints  revealed  no  mastic  coating. 

j_.  Detailed  Specifications,  Section  2.IV.1,  Core  Tests  - 

Tunnel  Sewers,  page  2.22,  required  that  three  6-in.-diam 
cores  be  taken  for  each  1000  ft  of  tunnel  sewer  or  frac¬ 
tion  thereof.  Also,  these  cores  were  to  be  measured  for 
length  and  tested  for  compressive  strength.  Mr.  Beckham's 
20  June  1980  response  letter  verified  that  the  required 
number  of  cores  were  not  taken  and,  of  the  cores  taken, 
no  test  results  or  records  of  visual  observation  were 
found . 

Comments 

30.  The  Construction  Branch  of  the  Detroit  District  has  made  a 
comprehensive  evaluation  of  the  construction  techniques  and  procedures 
used  on  this  project.  Several  pertinent  comments  were  generated  dur¬ 
ing  the  evaluation.  These  comments  are  as  follows: 

ji.  A  4-  to  5-month  time  lag  between  setting  ribs  and  lagging 
and  placement  of  the  concrete  lining  occurred  on  this 
project.  Current  sewer  tunnel  construction  contracts  in 
the  DWSD  do  not  allow  such  long  lag  periods. 

js.  The  Portland  Cement  Association  in  their  "Suggested 

Specifications  for  Plain  and  Reinforced  Concrete,  1969" 
states  that  "concrete  shall  be  deposited  as  nearly  as 
practicable  in  its  final  position  to  avoid  segregation 
due  to  flowing."  On  this  project  concrete  was  lowered 
to  the  tunnel  from  the  ground  surface  through  drop 
holes.  In  the  average  placement  length  of  105  ft,  two 
drop  holes  were  installed.  One  drop  hole  was  located 
about  7  ft  downstream  from  the  previous  pour.  The 
second  drop  hole  was  located  about  50  ft  downstream  of 
the  first  drop  hole.  Discussions  with  the  City's  inspec¬ 
tor  revealed  that  the  first  drop  hole  was  used  for  the 
entire  pour  unless  it  became  plugged.  Therefore,  con¬ 
crete  in  this  project  was  normally  transported  to 
distances  up  to  100  ft  in  the  forms. 

£.  The  Portland  Cement  Association  in  the  same  reference 
as  above  suggests  a  minimum  of  two  concrete  cylinder 
specimens  for  each  test  at  each  age,  and  not  less  than 
one  test  for  each  150  cu  yd  of  concrete.  The  Report  of 
ACI  Committee  301,  "Specifications  for  Structural  Con¬ 
crete,"  recommends  three  specimens  for  each  test  and  one 
test  be  made  for  each  100  cu  yd  of  concrete.  On  this 
project  it  was  common  practice  to  take  only  two  specimens 
for  concrete  placements  in  excess  of  250  cu  yd. 


jd.  According  to  the  Inspector's  Reports,  the  machine  mining 
was  higher  than  the  specified  grade  and  off  line  to  the 
west  by  as  much  as  1.75  ft  in  Distressed  Area  No.  1. 

The  high  areas  were  generally  remined.  During  the  remin¬ 
ing,  the  ribs  and  lagging  were  removed  and  modified  ribs 
were  reinstalled. 

£.  The  hydraulic  system  of  the  "Caldwell"  mining  machine  was 
continually  failing. 

_f.  Between  2  February  1972  and  21  June  1972,  water  seepage 
was  experienced  through  the  primary  liner  throughout  the 
mined  tunnel.  On  30  May  1972,  mud  and  water  entered  the 
tunnel  during  mining  through  a  drop  hole  drilled  through 
a  field  tile  (Sta  118+57).  On  21  June  1972  flooding  oc¬ 
curred  in  the  tunnel  in  the  area  of  Sta  103+67. 

£.  On  15  December  1971  the  rear  shield  of  the  "Caldwell" 

mining  machine  developed  a  radial  crack,  and  on  8  January 
1972  the  tail  section  broke. 

h.  The  Inspector's  Reports  note  that  a  void  occurred  over 

the  mining  machine  from  Sta  109+36  to  Sta  103+63.  Grout¬ 
ing  was  done  over  the  mining  machine  at  Stas  104+30, 
104+25,  and  104+10. 

i^.  Overmining  with  mining  machine  occurred  between 
Sta  109+36  and  Sta  103+83.5. 

j_.  Ribs  from  Sta  107+40  to  Sta  107+65  were  deflected  by 
excessive  loading  and  were  braced. 

k.  The  Inspector's  Reports  show  that  voids  occurred  between 
steel  forms  and  rib  and  lagging  during  concrete  placement 
at  Stas  134+92  and  126+12.  Voids  were  filled  at  a  later 
date . 

_1.  Cold  joints  were  noted  in  the  Inspector's  Reports  at 

Sta  130+17  (unspecified  locations),  Sta  130+35  (east  and 
west  sides),  Sta  130+10  (lower  east  quarter),  Sta  123+50 
(invert),  Sta  123+30  (west  side),  Sta  118+62  (east  and 
west  lower  quarters),  Sta  114+42  (east  and  west  sides), 
and  Sta  112+32  (east  and  west  sides). 

m.  The  Inspector's  Reports  state  that  pour  progress  was 
slow  for  concrete  placements  from  Stas  133+32  to 
132+27,  129+12  to  128+07,  127+02  to  125+97,  and  119+67 

to  118+62.  This  slow  progress  was  caused  by  late  arrival 
of  mix  trucks  and  plugged  drop  pipes.  The  Inspector's 
Reports  regarding  the  placement  starts  and  terminations 
indicate  that  an  average  rate  of  65  cu  yd/hr  constituted 
normal  progress.  Slow  progress  would  appear  to  be  some¬ 
thing  less  than  this  rate. 

n.  The  Inspector's  Reports  stated  that  the  concrete  between 
Sta  129+12  and  Sta  128+07  was  placed  "wet”  and  that 
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groundwater  was  entering  the  forms.  No  slump  test  was 
performed  on  the  concrete.  It  is  assumed  that  "wet" 
concrete  was  a  visual  evaluation  of  high  slump. 


Geotechnical 


31.  Geotechnical  studies  included  review  and  analyses  of 
pertinent  information  from  the  City  and  other  sources,  site  visits, 
surface  borings,  tunnel  wall  holes,  laboratory  tests  of  soil  samples, 
and  analytical  studies.  The  studies  were  made  to  develop  the  geology 
of  the  site,  groundwater  conditions,  soil  stratification,  soil  proper¬ 
ties  and  in  situ  soil  conditions,  and  ground  pressures.  The  main 
objective  was  to  assess  the  in  situ  soil  conditions  before,  during, 
and  after  construction,  and  after  failure,  and  their  possible  bearing 
on  the  cause  of  tunnel  distress.  The  studies  made  and  pertinent 
results  are  summarized  in  this  section. 

Investigations  performed 

32.  The  initial  step  was  a  geotechnical  plan  of  study  which 
was  based  on  a  review  of  a  preliminary  copy  of  CS-858  contract  drawings 
for  the  temporary  bypass  and  pumping  shaft  containing  boring  logs  for 
the  study  site.  A  viewing  of  the  City  of  Detroit  video  tape  of  tunnel 
Distressed  Areas  1  and  2  provided  insight  to  the  problem  being  studied. 
This  information  was  used  to  select  the  type  and  location  of  surface 
borings  and  needed  laboratory  tests.  Other  information  used,  field 
work  performed,  laboratory  tests  conducted,  and  analytical  studies 
performed  are  outlined  below. 

33.  Available  information.  Information  from  the  City  of 
Detroit,  Detroit  District,  and  other  sources  used  in  the  geotechnical 
study  is  summarized  in  Table  3.  Pertinent  literature  used  in  the  study 
is  cited  where  appropriate.  The  preconstruction  boring  logs  provided 
general  information  on  soil  stratification  and  physical  properties 
(standard  penetration  test,  blow  counts,  water  contents,  wet  unit 
weights,  and  unconfined  shear  strengths)  and  were  used  in  developing 
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area  geology  and  possible  sources  of  groundwater.  The  construction 
records  for  PCI-7  contained  information  on  the  following: 

a_.  Construction  sequence. 

_b.  Dewatering  well  locations  and  depths. 

c^.  Excavated  soils  and  groundwater  seepage  during  tunneling. 

d^.  Distances  between  concrete  forms  and  lagging,  recorded 
by  stations  at  4  to  9  locations  for  each  pour. 

e.  Locations  of  construction  joints,  water  stops,  cold 

joints,  leaks,  joints  requiring  concrete  finishing  work. 

_f.  Locations  of  crown  drill  holes  to  check  tightness  of 
concrete  against  lagging. 

Contract  CS-858  site  investigation  data  provided  information  on  detailed 
soil  stratification,  soil  conditions,  grout  quantities,  dewatering 
operations,  piezometer  levels  along  the  tunnel  and  approximately  1300  ft 
east  and  west  of  the  tunnel,  and  profiles  of  the  tunnel  invert,  crown, 
and  springlines. 

34.  Fieldwork  performed.  The  surface  borings,  site  visits, 
and  disturbed  sampling  through  holes  in  the  tunnel  are  described  below: 

_a.  Surface  borings.  WES  surface  borings,  under  the 
supervision  of  a  field  geologist,  were  started  on 
22  April  1980  to  confirm  soil  stratification  and  in 
situ  soil  conditions  along  distressed  and  nondistressed 
segments  of  the  tunnel.  The  borings  were  needed  to 
obtain  undisturbed  samples  for  laboratory  tests  to 
develop  soil  properties  for  analyses  and  analytical 
studies.  A  total  of  seven  sample  borings  and  three 
wash  borings  (to  define  a  land  fill  found  in  the 
second  boring)  were  made.  The  boring  locations  and 
purposes  are  summarized  in  Table  4.  A  boring  location 
within  Distressed  Area  1  was  not  possible  because  of 
ground  freezing  and  shaft  excavation  operations.  A 
24- in.  gas  line  and  overhead  power  lines  west  of  the 
tunnel  restricted  boring  locations  to  the  east  side 
(except  for  boring  WES-10).  Overhead  power  lines  and 
towers  further  restricted  locations  for  borings  on  the 
east  side.  Boring  logs  are  contained  in  Appendix  A. 

All  borings  were  made  using  a  Failing  1500  truck-mounted 
drill  rig,  as  shown  in  Figure  4a,  drilling  mud,  and 
casing  where  necessary.  Borings  WES-1  through  WES-4 
were  drilled  deep  enough  to  penetrate  a  thick  sand 
stratum  encountered  near  the  tunnel  invert.  The 
borings  bottomed  in  hard  sandy  clay  to  clayey  sand. 


22 


A ** 


identified  as  glacial  till,  underlying  and  marking  the 
bottom  of  the  sand  stratum.  Boring  WES-5  bottomed 
about  midway  through  the  sand  stratum.  Borings  WES-6, 
WES-7,  and  WES-8  were  drilled  only  deep  enough  to  define 
the  landfill  (maximum  depth  29  ft).  Logs  were  not 
made  of  these  borings.  All  boreholes  were  grouted  when 
completed . 

(1)  Sampling.  Undisturbed  samples  were  taken  using  a 
Hvorslev  fixed  piston  sampler  with  thin-wall  steel  tubes 
where  possible.  Three-inch  or  five-inch  diameter  tubes, 
with  spring  steel  catchers  riveted  in  the  bottom,  were 
pushed  when  possible  in  sandy  soils  to  prevent  the  sample 
from  sliding  out  of  the  tube  during  withdrawal  from  the 
borehole.  Soils  too  hard  to  push  the  Hvorslev  sampler 
into  were  sampled  by  rotating  a  Denison  barrel  equipped 
with  a  5- in.  diam  Hvorslev  inner  tube  and  a  6-in. 
carbaloy  rock  bit.  Cohesive  samples  were  pushed  out 

of  those  5-in.  steel  tubes  not  fitted  with  catchers  and 
waxed  in  6- in.  diam  cardboard  tubes.  Samples  con¬ 
taining  sand  were  left  in  the  sample  tube.  Jar  samples 
were  taken  for  each  undisturbed  sample.  Disturbed 
samples  were  taken  using  a  standard  (2- in.  0.  D. ) 
split  spoon  with  catcher.  Disturbed  samples  were 
sealed  in  glass  jars.  All  samples  were  delivered 
to  the  WES  soils  laboratory  by  a  Detroit  District 
van  on  7  June  1980. 

(2)  Penetration  tests.  Penetration  resistance  tests  were 
made  in  borings  WES-1,  WES-2,  WES-9  and  WES-10  using 
the  standard  2-in.  0.  D.  split  spoon  and  a  140-lb 
weight  free  falling  30  in.  Blow  counts  were  recorded 
for  each  6-in.  penetration  up  to  18  in.  In  dense  sands, 
a  penetration  of  18- in.  was  not  feasible  and  the  blow 
count  for  the  first  6  in.  plus  the  blow  count  in  excess 
of  about  50  to  80  for  an  additional  penetration  less 
than  6  in.  were  added  together  and  divided  by  the  total 
penetration  in  tenths  of  a  foot  to  obtain  an  equivalent 
blow  count  for  a  1-ft  penetration. 

_b.  Site  visits.  Visits  were  made  to  the  site  by  WES  geo¬ 
technical  engineers  on  7-8  May  1980  and  22-26  June  1980. 
The  first  visit  was  made  to  check  boring  work  and 
sampling  problems  (recovering  sand  samples),  to  observe 
accessible  tunnel  conditions  north  of  Distressed  Area  1 
at  the  work  shaft,  and  to  obtain  additional  available 
records  and  information  from  site  personnel.  The  second 
visit  was  made  to  observe  completion  of  concrete  coring 
as  shown  in  Figure  4b,  check  soil  conditions  being  found 
behind  the  lagging  from  2-in. -diam  holes  drilled  through 
the  tunnel  wall,  supervise  soundings  using  a  small  cone 
penetrometer  in  holes  south  of  Sta  130+25,  and  then 
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inspect  conditions  at  seeps,  joints,  and  cracks  along 
the  tunnel  south  of  Distressed  Area  1. 

c_.  Tunnel  wall  holes.  A  total  of  sixty-four,  2-in.-diam 
holes  were  drilled  through  the  tunnel  wall  at  the 
invert,  lower  quarter,  and  springline  to  check  soil 
conditions  behind  the  lagging  in  both  distressed  and 
nondistressed  areas.  Voids  or  soft  loose  soil  con¬ 
ditions  and  types  of  soils  encountered  were  of  primary 
interest.  The  holes  were  drilled  through  the  concrete 
using  an  air  hammer  as  shown  in  Figure  4c  and  through 
the  lagging  using  a  wood  auger  or  circular  saw  bit. 

The  holes  were  not  always  perpendicular  to  the  surface 
and  concrete  thickness  and  measurements  taken  were  not 
true  indications  of  wall  thickness.  The  soil  behind 
the  lagging  was  sampled  using  a  common  piece  of  1-in. 
pipe,  4  ft  long,  and  small  sledge  hammer.  Soil 
recovered  was  classified  and  placed  in  plastic  or 
glass  jars.  A  small  hand-held  60  deg  cone  penetrometer 
(0.5  in^  area)  was  used  before  sampling  in  most  of  the 
holes  south  of  Sta  130+25  to  obtain  a  qualitative 
comparison  of  in  situ  soil  consistency  (loose  or  dense 
for  sands  and  soft  or  stiff  for  clays). 

35.  Laboratory  test  program.  Laboratory  tests  performed  on 

selected  undisturbed  samples  included  classification  and  physical 

property  tests  (natural  density  and  water  content,  specific  gravity, 

and  gradation).  Consolidation  tests  were  performed  on  two  clay 

samples,  one  from  a  depth  of  21.5  ft  and  one  from  a  depth  of  55.3  ft, 

to  determine  the  degree  of  overconsolidation  of  upper  and  lower  clay 

stratum.  Five  drained  direct  shear  tests  were  performed  on  clay 

samples  from  depths  of  10,  25,  41,  50,  and  52  ft  to  determine  drained 

shear  strength.  Special  consolidated  undrained  triaxial  compression 

tests  with  pore  pressure  measurements  (K  R)  were  performed  on  four 

o 

undisturbed  samples  from  depths  of  55  ft  to  65  ft  and  included  clays 

and  silty  sands  to  determine  modulus  values  and  estimates  of  in 

situ  K  values  (K  =  coefficient  of  earth  pressure  at  rest  =  ratio  of 
oo 

effective  horizontal  earth  pressure  to  effective  vertical  earth 
pressure)  for  analytical  studies.  Special  tests  were  also  performed 
on  undisturbed  samples  to  assess  the  piping  characteristics  (suscepti¬ 
bility  to  erosion  through  small  holes  or  cracks  under  various  ground- 
water  levels)  of  fine-grained  sands,  silts,  and  sandy  clays.  The 
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special  R  tests  and  piping  test  procedures  are  outlined  briefly 
below.  Other  tests  were  conducted  using  standard  procedures  described 
in  Engineer  Manual  EM  1110-2-1906. 

a.  K  R  tests.  Specimens  2.8  in.  in  diameter  and  6  in. 

—  _o _ 

high  were  trimmed  in  the  humid  room  from  selected 
samples.  The  specimens  were  enclosed  in  a  rubber 
membrane,  placed  in  a  triaxial  chamber,  and  saturated 
under  isotropic  back  pressure  and  then  consolidated 
to  the  estimated  in  situ  vertical  pressure.  A  girth 
clamp  placed  around  the  specimen  to  monitor  lateral 
deformations  was  used  to  adjust  lateral  pressures 
during  consolidation  such  that  no  change  occurred  in 
the  diameter  of  the  sample,  (i.e.,  no  lateral  strain 
to  simulate  in  situ  K  conditions).  The  ratio  of 
lateral  pressure  to  vSrtical  pressure  at  the  end  of 
consolidation  provided  an  estimate  of  the  in  situ  K 
value.  The  slope  of  the  stress-strain  curve  during0 
axial  loading  provided  an  estimate  of  in  situ  modulus 
which  for  a  linear  elastic  material  would  be  Young's 
Modulus.  The  test  also  provided  an  estimate  of  in 
situ  shear  strength. 

b^.  Special  piping  tests.  A  special  apparatus  shown  in 

Figure  5  was  constructed  to  determine  piping  character¬ 
istics  of  the  undisturbed  samples  of  sands  and  silts. 
The  following  procedure  was  used  on  performing  the 
special  soil  piping  test: 

(1)  Measured  desired  length  of  sample  for  testing  and 
cut  off  excess  part  of  sample  tube  at  each  end. 

(2)  Cut  narrow  slot  in  sample  tube,  longitudinally, 
along  center  one-third  of  sample  length  or  short 
circumferential  slots  around  middle  of  sample. 

(3)  Measured  total  weight  of  cut  sample  and  tube. 

(4)  Attached  end  caps  to  sample  tube  with  a  200-mesh 
screen  placed  inside  each  end  cap. 

(5)  Placed  rubber  sleeves  over  end  caps  and  the  sample 
tube . 

(6)  Placed  band  clamps  over  rubber  sleeves,  making  end 
caps  watertight. 

(7)  Hooked  each  end  cap  to  pressurized  water  source. 

(8)  Placed  sample  on  a  cradle  inside  plexiglas  reservoir 
and  filled  reservoir  with  water  to  submerge  sample 
to  increase  percent  saturation.  Sealed  slots  with 
tape  and  applied  water  at  1/2-psi  pressure  to  ends 
of  sample  to  further  increase  percent  of  saturation. 
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(9)  After  increasing  percent  saturation,  opened  slots, 
applied  water  under  increasing  pressure  to  initiate 
piping,  and  recorded  water  pressure  and  time. 

(10)  Applied  increasing  water  pressure  until  all  piping 
ceased  as  indicated  by  no  further  flow  of  material 
out  of  slots. 

(11)  Dismantled  sample  and  noted  erosion  conditions  at 
ends  of  sample. 

(12)  Measured  weight  and  gradation  of  material  piped  out 
of  sample  and  material  left  in  the  sample. 

(13)  Measured  weight  of  empty  sample  tube. 

The  test  apparatus  in  Figure  5  shows  a  5-in.-dlam  sample 
in  its  steel  sample  tube  being  saturated  under  0.5-psi 
water  pressure  (circumferential  slots  cut  around  the 
center  of  the  steel  tube  are  sealed  with  gray  tape). 

c.  Pinhole  tests.  Pinhole  erosion  tests  described  in 
EM  1110-2-1906,  Change  1,  dated  1  May  1980,  were 
performed  on  three  samples  of  a  sandy  clay  to  determine 
the  susceptibility  of  this  material  to  seepage  erosion 
through  small  openings.  The  test  consists  of  measuring 
the  rate  of  water  flow  through  a  1/6-in.  diam  hole  in 
a  4. 6- in.  long  sample  under  a  range  of  water  pressures. 
The  color  of  water  (cloudy,  clear,  etc.)  flowing  out  of 
the  hole  is  recorded.  The  flow  rate  versus  water  head 
is  used  to  assess  erosion  and  to  determine  a  dispersion 
index  for  the  soil. 

36.  Analytical  studies.  In  addition  to  area  and  site  geology 
and  groundwater  studies,  analyses  were  made  to  determine  earth  pressure 
coefficients,  in  situ  stresses,  and  elastic  constants  (Young's  Modulus 
and  Poisson's  ratio)  of  the  soils.  Changes  in  the  in  situ  stresses 
after  construction  and  potential  water  and  soil  infiltration  into 
the  tunnel  also  were  analyzed.  The  results  were  provided  to  WES 
structures  engineers  for  use  in  soil-structure  interaction  analyses 
(paras  94  and  95).  Other  possible  causes  of  distress  such  as  seimic 
ground  vibrations  (para  55)  were  considered. 
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Regional  geology 

37.  A  brief  description  of  the  Quaternary  stratigraphy  of 

southeastern  Michigan  is  included  in  this  report  to  enable  a  better 
understanding  of  geo’  .  strata  and  soils  encountered  locally  at  the 
study  site.  The  ve  1  geologic  colcmn  in  southeastern  Michigan 

consists  typically  ot  .,-400  ft  of  relatively  flat-lying  glacial  soils, 
deposited  within  the  last  one  million  years,  overlying  dipping  bedrock 
strata  of  early  Paleozoic  age  (300  to  500  million  years  old).  Bedrock 
is  below  the  depth  of  interest  for  this  geotechnical  investigation  and 
will  not  be  discussed  further,  except  to  say  that  occurrences  of  methane 
(natural  gas)  in  the  glacial  overburden  probably  originates  from  the 
underlying  bedrock  from  which  the  gas  is  believed  to  migrate  upward 
(Mozola,  1973). 

38.  Glacial  geology.  During  the  latter  part  of  the  Wisconsin 
Glaciation,  the  western  half  of  southeastern  Michigan  was  covered  by  a 
large  glacial  lake.  The  level  of  the  lake  was  controlled  by  the  glacier 
as  it  retreated  to  the  east  and  north  (Twenter,  1975).  Beaches  were 
formed  when  the  lake  level  remained  stationary  for  some  time.  Clays 
and  silt  were  deposited  toward  the  center  and  deeper  parts  of  the  lake. 
As  the  glacier  advanced  or  retreated,  the  beach  deposits  would  be 
reworked  and  deposited  higher  or  lower  than  previous  beaches  forming 

of flap  and  onlap  cycles  of  deposition  with  facies  changing  from  sand  to 
clay.  Morainal  deposits  were  moved  about  and  redeposited  by  the  lake 
water.  Figure  6  is  a  map  showing  the  location  and  type  of  glacial 
deposits . 

39.  Glacial  deposits.  In  southeastern  Michigan,  glacial 
deposits  are  variable,  ranging  from  soft  and  hard  clays  to  silts  to 
sands  and  gravels.  The  strata  can  persist  for  miles  laterally  or 
play  out  within  tens  of  feet  by  lensing  or  by  gradational  facies 
changes.  The  glacial  section  is  highly  variable  and  complex  both 
laterally  and  vertically.  All  glacially  deposited  materials  are  known 
as  drift  and  were  transported  and  deposited  or  reworked  by  ice,  water 
in  streams,  water  in  lakes,  or  by  wind.  Unstratified  and  unsorted 
drift  was  deposited  by  ice  and  is  a  mixture  of  clay,  boulders,  sand, 
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and  silt  known  as  till.  Till  is  commonly  hard  when  drilled  and  often 
is  described  locally  as  "hardpan"  in  drillers'  logs.  Stratified 
drift  is  deposited  by  and  within  water  of  streams  and  lakes  or  by 
wind  and  includes  outwash  deposits  and  lake  deposits.  Outwash 
deposits  are  generally  sands  and  gravels  carried  beyond  the  ice  by 
meltwater  streams  and  are  recognized  in  subsurface  investigations 
as  channel  shaped  strata  that  form  lenses  of  limited  lateral  extent 
in  cross  sections.  Lake  deposits  consist  of  water-laid  till,  bottom 
sediments,  ice-rafted  (berg)  sediments,  and  near  shore  sediments 
deposited  as  beach  ridges  and  deltas  (Flint,  1971).  Bottom  sediments 
are  commonly  the  finer  grained  constituents,  clay  and  silt;  beach 
ridges  and  deltas  are  usually  sand  and  gravel.  Fine-grained  lake 
sediments  are  often  laminated  in  cycles  representing  yearly  seasonal 
deposition  of  clays  and  silts  and  are  often  varved.  Environments  of 
deposition  sometimes  overlap  both  laterally  and  vertically  (time  wise), 
producing  complex  and  intermingled  deposit ional  sequences. 

40.  Loading  from  glacial  ice.  The  last  glacial  ice  which 
covered  the  St.  Clair  basin  retreated  north  approximately  14,000  years 
ago  (during  the  Early  Post-Lake  Border  interval  of  the  Cary  substage 
of  the  Wisconsin  stage  of  glaciation)  (Hough,  1958).  Lacustrine  c lays 
were  deposited  in  the  Lake  St.  Clair  basin  during  the  period  of  glacial 
Lakes  Whittlesey  and  Warren,  approximately  13,000  to  11,000  years  ago 
(Soderman  and  Kim,  1970).  Paleontological  studies  indicate  that  a  dry 
climate  existed  in  the  Great  Lakes  region  from  11,000  to  9,000  years 
ago  (Stanley-Chippewa  interval  of  Hough)  (Dreimanis,  1970).  The 
effects  of  the  dry  climate  and  associated  isostatic  changes  in  the 
Great  Lakes  Region  caused  a  lowering  of  the  groundwater  table  due 
to  a  lowering  of  the  Lake  St.  Clair  level.  Based  on  the  elevation 
of  overconsolidated  brown  oxidized  zones  in  the  clay,  the  groundwater 
table  at  the  time  of  this  dessication  and  oxidation  was  at  least 
12  to  13  ft  lower  than  it  is  now  in  the  Detroit  and  Windsor,  Ontario 
area  (Dreimanis,  1970).  The  lowering  of  the  groundwater  table  caused 
the  development  of  the  oxidized  overconsolidated  crust.  Based  on  the 
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above  geologic  history,  it  does  not  appear  that  the  lake  bed  clays  and 
beach  sands  have  been  subjected  to  ice  loading. 

41.  Land  surface.  The  modern  topography  in  the  Detroit  area 

is  characterized  as  a  relatively  flat,  featureless  plain  sloping  gently 
southeastward  toward  Lakes  St.  Clair  and  Erie.  The  flat  plain  is  the 
remnant  of  the  glacial  lake  plain  constructed  at  ancient  higher  lake 
levels.  Northwest  of  the  plain  the  topography  is  more  rugged,  dotted 
with  irregularly  shaped  lakes  and  ridges  and  hills  of  till  deposits 
of  glacial  moraines. 

42.  Local  geology.  The  study  site  lies  wholly  within  the 
glacial  lake  plain  and  is  underlain  by  a  complex  series  of  lake  clays 
and  silts,  gravelly  clays  (gravelly  to  rocky  silty  clays  were 
encountered  during  tunnel  excavation,  para  52),  sand  and  gravel 
deposits,  and  older  till  plains  that  predate  the  glacial  lake  deposits. 

The  thickness  of  glacial  deposits  is  approximately  150  ft  (Twenter, 

1975).  A  general  geologic  profile  of  the  study  area  (based  on 
contract  PCI-3  boring  logs)  is  shown  in  Figure  7.  The  clays  are 
interpreted  in  this  study  as  glacial  lake  deposits  and  reworked  till 
(para  60).  The  glacial  lakes  formed  in  front  of  the  ice  lobes  and 
changed  in  size,  shape,  and  depth  with  each  of  several  advances  and 
retreats  of  the  last  glacier.  Deposits  within  the  lake  area  are 
therefore  intermixed  and  complex.  The  bedrock  formation  beneath 

the  glacial  deposits  at  the  site  is  the  Antrim  Shale. 

Groundwater 

43.  The  source  of  the  groundwater  in  southeastern  Michigan  is 
precipitation  (Twenter,  1975) .  The  amount  of  precipitation  that 
infiltrates  the  ground  and  recharges  the  groundwater  reservoir  is 
determined  by  the  upper  few  feet  of  soil.  If  the  soil  contains  a  large 
amount  of  sand  and  silt,  the  infiltration  rate  will  be  high  (8-12  in. /hr). 
When  soils  are  mostly  clay,  water  does  not  penetrate  rapidly  and  the 
infiltration  rate  will  be  less  than  2  in. /hr.  Figure  8  shows  a  map  of 
southeastern  Michigan  soils  and  their  infiltration  rates. 

44.  Occurrence  of  groundwater.  The  sediments  in  the  areas 
shown  as  lakebeds  (Figure  6)  are  a  poor  source  of  water  (Twenter,  1975). 
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GENERAL  GEOLOGIC  PROFILES  BASED 
ON  CITY  OF  DETROIT  CONTRACT 
PCI -3  BORING  LOGS 
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Figure  7.  Site  geologic  profiles, 
15  Mile  Road/Edison  Corridor  Tunnel 
Failure  Study 
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Figure  8.  Soils  and  their  infiltration  rates,  southeast 
Michigan  (Twenter,  1975) 


They  are  composed  primarily  of  clay-rich  materials  and  are  not  very 
permeable.  A  series  of  hills  and  ridges  composed  of  sand  and  gravel 
25  to  30  ft  thick  rest  on  top  of  the  clay-rich  materials  in  some  areas. 
These  hills  and  ridges  were  formed  as  beaches,  terraces,  and  river 
deltas  by  wind,  waves,  and  stream  action  during  the  late  Wisconsin 
Glaciation  (Wisler,  1952).  They  are  very  porous  and  absorb  a  large 
amount  of  the  precipitation.  The  water  seeps  downward  to  the  water 
table  where  it  contacts  the  thick  layers  of  lake  clays  and  inter- 
bedded  deposits  of  sand  and  gravel  which  are  buried  beaches,  bars, 
and  deltas  associated  with  former  lake  levels  (Mozola,  1969). 

45.  Recharge .  The  interbedded  deposits  of  sand  and  gravel 

are  probably  gradational  with  the  matrix  and  are  probably  interconnected 
to  each  other  (Mozola,  1973).  These  deposits  are  partially  confined 
and  develop  artesian  systems.  The  system  is  recharged  by  either  an 
outcrop  of  an  aquifer  at  the  surface  (no  matter  how  tortuous  the  route 
to  the  confined  aquifer)  or  by  crossbed  leakage.  "Permeability 
in  glacial  till  is  relative;  a  large  cross  section  of  clay  till 
could  pass  as  much  water  as  a  small  cross  section  of  sand.  A  large 
sand  and  gravel  body,  even  if  enclosed  by  till  of  low  permeability 
can  still  function  as  a  good  aquifer  because  of  the  extensive 
contact  with  the  surrounding  till"  (Mozola,  1969). 

46.  Local  groundwater.  At  the  site,  the  glacial  sediments 
consist  of  about  60  ft  of  gravelly  clays  overlying  some  30  ft  of  sorted 
sands  and  silts  (Figure  7).  The  sand  unit  lies  on  top  of  glacial  till 
and  outwash  of  an  earlier  glacial  age.  This  last  unit  is  inferred  to 
extend  to  a  depth  of  150  ft  where  it  contacts  the  Antrim  Shale.  The 
sand  unit  is  interpreted  as  a  beach  deposit  due  to  its  characteristic 
sorting  and  large  areal  extent.  This  unit  is  probably  interconnected 
in  the  subsurface  with  the  large  glacial  lake  sand  deposits  which  are 
located  less  than  2000  ft  to  the  southwest  (Figure  6).  A  minor  amount 
of  recharge  water  comes  from  crossbed  leakage  from  the  clay  deposits 
due  to  the  large  areal  extent  of  the  beach  deposit.  Some  recharge  could 
also  be  contributed  by  seepage  from  the  Red  Run  River  at  the  site.  In 
addition,  as  indicated  by  Figure  7,  the  sand  thickens  and  is  coarser 


to  the  east  of  the  site  along  15  Mile  Road.  Preconstruction  borings 
just  east  of  the  Red  Run  (east  of  0182  on  Figure  7)  indicate  that  the 
sands  extend  up  to  the  ground  surface.  Farther  east  to  Lake  St.  Clair, 
deep  glacial  clays  separate  infrequent  narrow  beach  sand  deposits 
and  it  is  considered  unlikely  that  the  St.  Clair  lake  is  connected 
to  the  sands  at  the  tunnel  site. 

Preconstruction  conditions 

47.  Preconstruction  boring  logs  C-176,  C-224,  C-223,  and 
C-222  cover  the  tunnel  study  area  from  Stas  137  to  112.  A  profile  of 
these  boring  logs,  shown  in  Figure  9,  indicates  variable  strata  of 
gray  hard  silty  clays  and  silts  along  the  tunnel  and  the  top  of  a 
strata  of  very  dense,  fine  to  medium  sand,  along  the  base  of  the  tunnel. 
Blow  counts  increase  significantly  in  sands  below  elevation  550  to  545 
and  generally  range  from  150  to  180  in  the  sand.  Minimum  blow  counts 
below  elevation  560  are  significantly  higher  in  the  silty  clays  and 
silts  in  borings  C-223  and  C-222  than  in  C-176  and  C-224.  Although  all 
boring  logs  indicated  only  a  trace  of  gravel  in  the  clays  and  silts 
above  the  tunnel,  the  high  blow  counts  in  borings  C-224  and  C-222  could 
be  the  result  of  higher  gravel  content. 

48.  Soil  properties.  Soil  properties  were  determined  by  DWSD 
for  small  samples  (1.4-in.  diam)  taken  with  a  drive  sampler  in  borings 
C-176  and  C-222.  A  summary  of  water  contents,  wet  densities,  unconfined 
shear  strength,  and  transverse  shear  strength  shown  in  Figure  10  (boring 
log  legend  is  in  Appendix  A)  indicate  the  following: 

ci.  Samples  from  both  borings  had  similar  water  contents, 
ranging  from  about  30  percent  in  upper  clays  to  about 
12  percent  below  elevation  585.  Wet  densities  ranged 
from  about  130  to  150  pcf  below  elevation  590.  Densi¬ 
ties  of  samples  from  C-222  were  generally  higher  than 
for  samples  from  C-176. 

_b.  Unconfined  shear  strengths  ranged  from  about  200  psf 
(0.1  tsf)  to  about  10,000  psf  (5  tsf)  with  generally 
higher  values  for  samples  from  C-222.  Samples  below 
elevation  563,  logged  as  silty  sand  and  fine  to 
medium  sand  in  boring  C-176  (Figure  10),  were  classified 
as  silt  and  fine  sand,  very  clayey  silt  and  fine 
sand,  and  silt  and  fine  sand  when  tested  in  the  DWSD 
laboratory.  Transverse  shear  resistance  (Housel,  1970) 
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values  were  generally  less  than  1,400  psf  (0.7  tsf) 
and  about  equal  to  one-fourth  of  the  unconfined 
shear  strength.  The  values  for  samples  from  C-176 
were  about  one-half  of  those  for  samples  from  C-222. 

c_.  The  blow  counts  and  soil  property  values  indicate 

that  strata  at  and  just  above  the  tunnel  depths  north 
of  about  Sta  128  are  relatively  softer  than  south  of 
this  station.  No  gradation  or  soil  characteristics 
other  than  blow  counts  for  the  fine  to  medium  sands 
along  the  tunnel  base  were  measured.  Also,  the  extent 
of  these  sands  to  the  south  of  about  Sta  111+50  to  the 
Red  Run  were  not  defined.  Consequently,  their 
influence  on  tunnel  stability  does  not  appear  to  have 
been  considered. 

49.  Groundwater  conditions.  Boring  C-176,  in  connection  with 
contract  PCI-8  was  made  using  a  hollow  stem  auger  and  no  drilling  water. 
Consequently,  the  groundwater  elevation  of  about  581  observed  in 
November  1968  is  considered  a  reliable  indication  of  artesian  pressures 
in  the  fine  to  medium  sand  below  elevation  552  (Figure  9).  The 
preconstruction  borings  C-222  to  C-224  along  the  PCI-7  study  area 

were  made  using  casing  to  shallow  depths  and  drilling  water.  The 
shallow  water  levels  observed  in  these  borings  before  casing  removal 
probably  reflects  the  influence  of  drilling  water  and  are  not  true 
groundwater  levels.  Consequently,  artesian  water  pressures  in  the 
sands  near  the  tunnel  base  were  not  defined  south  of  Sta  137  to  the 
Red  Run . 

Construction  conditions 

50.  Tunnel  construction  conditions  important  to  geotechnical 
considerations  were  dewatering;  soils  and  seepage  conditions  encountered 
during  mining;  times  between  initial  lining  and  concreting;  location 

of  construction  joints,  cold  joints,  and  water  stops;  and  leakage 
after  concreting.,  These  aspects  are  discussed  below. 

51.  Dewatering.  Deep  construction  dewatering  wells  were 
installed  between  Stas  136+33  and  105+80  from  20  October  to  14  December 
1970  as  summarized  in  Table  5  from  DMWD  daily  reports.  Daily  inspector 
reports  also  indicated  initial  installation  of  these  wells  as  shown  in 
Table  6  (first  two  items).  The  wells  were  located  25  ft  east  of  the 


tunnel  centerline  at  a  spacing  of  100  ft  from  Sta  134  to  Sta  114,  and 
extended  some  30  ft  into  the  sand  underlying  the  tunnel  invert.  From 
Stas  112+20  to  105+80,  the  spacing  ranged  from  10  ft  to  100  ft 
(average  spacing  of  46  ft).  The  depth  of  water  shown  in  Table  5  was 
the  depth  that  free  water  was  first  encountered  during  drilling  and 
does  not  reflect  the  artesian  pressures  that  would  be  indicated  if 
water  level  readings  in  the  borings  had  been  taken  several  days  after 
drilling.  The  wells  apparently  were  operated  until  completion  of 
construction  in  August  1972  as  indicated  from  inspector's  reports 
summarized  in  Table  6  (last  three  items).  No  records  were  found  of 
the  dewatering  level  maintained  during  construction.  Consequently, 
it  is  assumed  that  the  ground  around  the  tunnel  was  dewatered  to  the 
depth  of  the  mined  invert  (since  no  seepage  was  noted  during  mining 
until  Sta  125+81,  Table  7),  and  that  ground  pressures  during  con¬ 
struction  corresponded  to  wet  unit  weights  for  the  soils  (no  buoyant 
effect)  which  ranged  from  130  to  150  pcf.  After  construction  and 
removal  of  dewatering,  the  artesian  groundwater  pressure  in  the  sand 
along  the  base  of  the  tunnel  was  free  to  increase  to  preconstruction 
levels  of  5  ft  to  15  ft  above  the  tunnel  crown,  depending  on  recharge 
from  rains  and  surface  infiltration  (discussed  in  para  45  on  groundwater) 
and  watertightness  of  the  completed  tunnel. 

52.  Soils  encountered  during  mining.  Soils  encountered  during 
mining  from  Sta  135+83  to  103+93,  as  described  in  daily  inspector's  shift 
reports,  are  listed  in  Table  7.  Although  the  predominant  soil  type  was 
gray,  sandy  clay  and  clay,  hard  to  very  hard  with  varying  amounts  of 
rock,  frequent  changes  occurred  in  the  amount  of  sand,  gravel,  and  rocks. 
Gravel  and  sand  with  clay  was  noted  for  Stas  134+35  to  133+83.  Hard 
gray  sandy  clay  from  Stas  132+95  to  132+85  changed  to  gray  sand  with 
clay  from  132+50  to  132+25  and  gray  sand  with  very  hard  gray  sandy 
seams  from  132+70  to  127+76  changed  to  clay,  very  rocky  from  127+76  to 
127+21.  Gravel,  sand,  and  sand  strata  were  indicated  at  a  number  of 
locations  as  indicated  by  underlined  words  in  Table  7.  Except  for  the 
rocky  condition,  the  soils  excavated  at  the  location  of  preconstruc¬ 
tion  borings  generally  agreed  with  the  boring  logs.  Running  sand 
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strata  as  mining  neared  the  Red  Run  were  encountered  south  of  Sta  109+16 
(see  Excavation  Summary,  Table  1). 


53.  Seepage  during  mining.  No  indication  of  seepage  into  the 
tunnel  was  noted  in  inspector's  shift  reports  until  Sta  125+81  where 
some  water  started  to  appear.  Other  indications  of  seepage  are 
highlighted  by  dashed  underlining  in  Table  7.  Seepage  increased  south 
of  Sta  109  as  mining  approached  the  Red  Run.  Water  seepage  and 
caving  ground  south  of  Sta  109  are  noted  in  the  Excavation  Summary, 
Table  1.  The  caving  and  increased  seepage  near  the  Red  Run  correlate 
with  the  sand  layer  and  sand  strata  shown  in  the  log  for  boring  C-222 
(Figure  9) . 

54.  Tunnel  lining.  The  conditions  during  tunnel  lining 
construction  important  to  geotechnical  considerations  are  discussed 
below. 


ji.  Ribs  and  lagging.  Steel  ribs  (5WF16)  on  5-ft  centers 

and  4-in  thick  wood  lagging  (between  flanges  of  the  ribs) 
were  erected  within  a  shield  behind  the  mining  machine 
and  jacked  against  the  tunnel  soil  surface  as  the  machine 
pushed  ahead.  Because  of  the  numerous  rocks  (as  large 
as  4  ft)  encountered  during  mining  (many  required 
blasting  for  removal  through  the  mining  wheel,  as  noted 
in  the  Excavation  Summary,  Table  1),  the  tunnel  surface 
was  probably  irregular  with  depressions  and  hard  rock 
spots.  Thus,  it  is  possible  that  numerous  small  voids 
existed  between  the  wood  lagging  and  the  tunnel  soil 
wall.  Voids,  if  present,  would  increase  the  available 
seepage  paths  for  water  to  flow  from  the  soil  through 
spaces  in  the  lagging  and  through  any  open  joints  in 
the  concrete  lining  after  construction  and  removal  of 
the  dewatering  system.  The  construction  sequence  from 
Tables  1  and  2  indicates  that  the  concrete  lining  was 
placed  some  four  months  after  the  ribs  and  lagging  were 
installed.  This  time  allowed  redistribution  of  ground 
pressures  around  the  tunnel,  probably  to  an  all  around 
pressure  less  than  the  overburden  pressure. 

jb.  Concrete  lining.  The  location  of  construction  joints, 
waterstops,  and  dates  of  pours  are  summarized  for 
Stas  136  to  107  in  Figure  11.  The  16-in.  thick 
(nominal)  concrete  lining  was  poured  in  105  ft  lengths. 
South  of  Sta  119,  construction  joints  with  waterstops 
existed  at  105  ft  intervals.  No  waterstops  were 
installed  north  of  Sta  119  (Table  1).  Distance  from 
concrete  form  to  rib  and  lagging  (liner)  condition 
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after  pour,  and  other  pertinent  notes  from  City 
inspectors  daily  shift  reports  are  also  shown  in 
Figure  11.  Locations  of  distressed  areas  are  shown 
for  subsequent  reference.  The  construction  joints, 
cold  joints,  concrete  finishing  (in  both  distressed 
and  nondistressed  areas)  that  could  effect  the  water¬ 
tightness  and  potential  for  soil  infiltration  after 
construction  and  removal  of  dewatering  could  influence 
the  stability  of  the  tunnel.  The  measured  distances  to 
the  lining  from  the  concrete  forms  are  an  indication  of 
the  variation  in  tunnel  dimensions  after  four  months  and 
just  prior  to  concrete  placement.  This  variation  could 
have  an  influence  on  ground  pressure  distribution  along 
the  tunnel.  The  tabulation  of  grout  holes  drilled  in  the 
crown  to  check  tightness  of  concrete  against  lagging  is 
included  in  Figure  11.  The  results  indicated  only  two 
locations  where  either  the  concrete  was  not  tight  against 
the  lagging  or  a  void  existed  (Stas  136+68  and  126+12). 
The  void  at  Sta  126+12  was  filled  on  7  July  1972  as  was 
a  power  drop  hole  at  Sta  123+42. 

c.  Entry  of  water.  During  concrete  placement,  the  drop 
hole  at  Sta  118+57  pierced  a  tile  field.  Water  and 
mud  entered  the  tunnel  at  this  location  (shift  inspec¬ 
tor's  daily  reports  for  30  May  to  4  June  1972).  Any 
water  that  leaked  around  the  outside  of  the  lagging 
could  have  eroded  soil  from  around  the  upper  section 
of  the  tunnel  and  through  the  lagging  near  the  spring¬ 
line,  causing  a  potential  weak  spot  in  the  tunnel. 

d_.  Tunnel  leakage ,  Notes  in  City  inspector's  daily 

reports  indicated  concrete  finishers  were  "finishing 
joints  and  leaks  down  to  Sta  103+95"  on  28  June  1972, 
"continued  to  finish  tunnel  north  of  cofferdam  shaft 
and  stop  leaks"  on  29  June  1972,  "finishers  continued 
to  stop  leaks  and  finish  joints  at  various  places  north 
of  cofferdam  shaft"  on  5  July  1972.  How  far  north  this 
work  extended  was  not  recorded.  It  appears  that 
leakage  at  joints  occurred  after  concrete  liner  place¬ 
ment,  but  specific  locations  and  type  of  leakage 
(i.e.,  clear  water  or  water  and  fine  sand  or  silt)  is 
unknown  for  the  study  section  of  the  tunnel. 

e.  Effect  of  Red  Run  cofferdam.  During  construction, 

a  cave-in  at  the  Red  Run  (Table  1,  Excavation  Summary) 
required  a  cofferdam  which  had  significant  leakage  and 
resulted  in  a  shaft  which  was  later  backfilled.  No 
information  was  found  on  compaction  of  backfill.  It 
is  not  known  how  impervious  the  backfill  was.  It  is 
possible  that  increased  leakage  from  the  Red  Run 
through  the  backfill  could  have  contributed  to  the 
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groundwater  recharge  and  increased  the  groundwater 
levels  at  the  site. 

Postconstruction  conditions 

55.  Once  the  dewatering  system  was  removed  after  construction, 
the  groundwater  could  return  to  normal  levels.  Preconstruction  boring 
0176  for  PCI-8  indicated  a  groundwater  level  at  elevation  581,  some 
35  ft  above  the  tunnel  invert.  The  35-ft  head  would  cause  a  water 
pressure  of  15  psi  at  the  invert  and  8  psi  at  the  crown.  Any  open 
joints  in  the  tunnel  would  be  subject  to  leakage  and  possible  infiltra¬ 
tion  of  fine  sand  and  silty  sand  where  such  strata  existed  at  a 
leaking  joint.  No  observation  or  producing  wells  exist  in  the  local 
area  and  thus  a  direct  measurement  of  groundwater  levels  since 
construction  does  not  exist.  Since  surface  infiltration  in  the  region 
is  the  primary  source  of  recharge  for  the  beach  sand  along  the  tunnel 
base,  variations  in  rainfall  and  Red  Run  stages  could  effect  the 
maximum  groundwater  level  especially  during  unusually  wet  seasons. 

Local  rainfall  and  river  discharge  records  were  reviewed  from  1972  to 
the  present  and  the  results  are  summarized  below.  Possible  seismic 

activity  in  the  area  was  also  considered.  The  only  activity  during 

» 

1972-1980  was  a  small  tremor  of  magnitude  3. A  centered  at  Point  Pelee, 
Ontario,  some  A8  miles  from  the  tunnel  site. 

56.  Rainfall  records.  Rainfall  records  through  1978  for  the 
Detroit  City  airport,  about  9  miles  south  of  the  site,  indicated  higher 
rainfall  in  1973,  1975,  and  1976  than  in  197A  and  1977,  based  on  yearly 
totals.  The  wettest  year  was  1976. 

57.  Red  Run  and  Clinton  River  stages  and  discharges.  Gage 
stations  on  the  Red  Run  were  not  established  until  October  1979. 

However,  discharge  records  for  a  gage  on  the  Clinton  River  near  the 
Garfield  Road  bridge  provided  data  from  1972  through  October  1979. 

This  gage  is  one  mile  from  the  exit  of  the  Red  Run  into  the  Clinton 
and  some  two  miles  from  the  tunnel  site.  The  number  of  consecutive 
days  for  discharges  over  1000  cfs  was  used  as  a  measure  of  significant 
runoff  from  long-term  rainfall  periods.  The  comparison  showed  16,  18, 

8,  and  15  continuous  days  of  1000  cfs  or  greater  discharge  for  1673-1976 
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and  only  3  to  4  continuous  days  for  1977-1979.  Thus  much  higher  runoff, 
suggesting  much  more  rainfall,  was  apparent  for  1973-1976  than  for 
1977-1979.  The  1973-1976  long-term  rainfall  periods  would  allow  greater 
infiltration  and  recharge  of  the  groundwater  and  produce  relatively  higher 
groundwater  levels  than  in  1977-1979.  The  nearest  observation  wells  to 
the  site  are  in  Oakland  County.  Water  levels  for  a  well  west  of  Pontiac 
(Huffman,  1979)  in  glacial  deposits  showed  maximum  extreme  levels  in 
1974  and  1976.  The  variation  between  the  monthly  high  and  low  for  1976 
was  2  ft  and  slightly  less  than  2  ft  for  monthly  lows  for  1973-1977. 

Thus,  even  in  wet  years,  the  groundwater  rise  may  be  relatively  small. 

58.  Red  Run  borings.  Borings  for  the  Corps  of  Engineers  made 
in  September  1978  indicated  a  groundwater  level  at  a  depth  of  40  ft 
in  a  cased  boring  (RR-43-78)  some  270  ft  east  of  tunnel  Sta  111+10. 

This  groundwater  depth  corresponds  to  an  elevation  of  565  near  the 
crown  of  the  tunnel.  Several  other  borings  along  this  reach  also 
indicated  a  groundwater  level  at  the  40  ft  depth.  This  level  was 
during  the  drier  season  and  the  level  during  the  spring  may  have  been 
higher. 

Postfailure  conditions 

59.  The  subsurface  soil  stratification  and  soil  conditions 
after  tunnel  distress  indicated  by  test  borings  made  for  the  DWSD  in 
Feb-Mar  1980  were  confirmed  by  the  WES  borings.  The  locations  of  all 
test  borings  and  WES  borings  are  shown  by  four  plan  plots  along  the 
centerline  in  Figure  12,  in  relation  to  the  distressed  areas.  The  post 
failure  geotechnical  conditions  based  on  these  borings,  tunnel  drill 
holes,  testing  and  sampling,  laboratory  soil  testing,  and  visual 
observations  during  site  visits  are  described  in  this  section. 

60.  Soil  stratification  and  in  situ  conditions.  Figure  13 

is  a  detailed  stratigraphic  profile  along  and  near  the  tunnel  centerline 
from  approximately  15  Mile  Road  south  to  near  the  Red  Run.  The 
"as-built”  tunnel  profile  is  shown  to  indicate  the  elevations  of 
different  soil  strata  relative  to  the  tunnel  before  distress.  The 
profile  was  constructed  with  data  selected  from  three  sets  of  borings: 
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(1)  "C"  borings,  emplaced  along  the  centerline  in  1969,  prior  to  tunnel 

excavation  and  construction;  (2)  "TB"  borings,  emplaced  alongside  the 
tunnel  in  February-March  1980,  subsequent  to  distress  of  the  tunnel; 
and  (3)  "WES’'  borings,  emplaced  by  the  Corps  of  Engineers  in  April-May 
1980.  A  landf ill-trash  dump  was  discovered  just  east  of  the  tunnel 
centerline  in  the  WES  borings.  The  natural  soils  at  the  site  to  a 
depth  of  approximately  110  ft  (elevation  500  ft  msl)  can  be  divided 
into  three  units.  The  upper  60  ft  is  predominantly  clay  (CL)  with 
varying  gravel  content,  ranging  from  soft  and  plastic  to  very  hard 
and  stiff.  Occasional  sand  and  silt  lenses  also  occur  within  the 
upper  60  ft,  but  gravelly  clay  predominates.  A  distinct  well-sorted 
(poorly-graded),  cohesionless  sand  and  silt  unit  (SP,  SM,  and  ML) 
persists  throughout  the  length  of  the  section  between  approximately 
60  ft  and  90  ft  depth  (elevation  550-520  msl).  The  sand  and  silt  unit 
is  difficult  to  penetrate  (high  blow  counts),  but  its  cohesionless 
nature  gives  it  a  very  low  apparent  strength  when  removed  from  the 
borehole.  At  the  base  of  the  silt-sand  unit,  a  very  hard,  cohesive, 
sandy,  gravelly  clay  (CL)  to  clayey,  gravelly  sand  (SC)  is  encountered. 
This  unit  lies  at  about  the  same  elevation  (approximately  520  ft  msl) 
for  the  length  of  the  profile.  It  often  is  referred  to  in  other  boring 
logs  as  "hardpan." 

a..  Landfill  dump.  The  presence  of  a  "sanitary"  landfill 
extending  to  a  maximum  depth  of  about  40  ft  was 
verified  in  borings  WES-2,  -3,  -5,  and  -6  (Figure  13). 
The  landfill,  believed  to  have  been  started  in  the 
1950's  and  filled  in  by  early  1960,  was  also  noted  by 
the  bypass  contract  foreman  at  the  site,  who  stated 
that  they  encountered  loose  rubbish  with  little  or 
no  soil  when  excavating  for  the  temporary  bypass  east 
of  the  tunnel.  Boring  C-224  (Figure  9),  12  ft  west 
of  the  centerline,  did  not  encounter  the  landfill. 
Several  "TB"  borings  recorded  "no  sampling"  in  the 
upper  40  ft  or  so  of  the  log  and  some  of  them  may 
have  indicated  the  presence  of  the  landfill.  However, 
the  WES  borings  represent  the  only  certain  verification 
of  the  landfill.  The  refuse  encountered  was  typical 
landfill  debris  with  little  or  no  soil  content,  and 
included  paper  products,  tin  cans,  automobile  tires, 
and  other  rubbish  that  caved  so  badly  the  entire 
vertical  section  had  to  be  cased  to  allow  sampling 


of  the  underlying  soils.  The  north-south  limits  of 
the  landfill  are  shown  on  Figure  13  as  well  as  could 
be  determined  from  borings.  Borings  WES-7  and  -8 
did  not  encounter  the  fill.  The  east-west  extent  of 
the  landfill  is  not  known,  but  the  fill  definitely 
exists  just  east  of  the  tunnel.  The  probable  signif¬ 
icance  of  the  landfill  to  this  investigation  is  that 
the  excavation  replaced  25  to  40  ft  of  tight  clays 
(low  permeability)  with  loose  permeable  rubbish  that 
readily  fills  with  water.  Such  an  excavation  might 
also  have  relieved  residual  lateral  pressures  in  the 
soil  in  the  vicinity  of  Distressed  Area  2. 

_b.  Clay  strata.  The  upper  60  ft  of  gravelly  clays  is 
a  complex  series  of  glacial  lake  sediments.  WES 
borings  1  and  4  logged  varved  soft  clays  associated 
with  quiet  water  glacial  lake  deposition.  Much  of  the 
gravelly  clay  and  other  lean  clay  (CL)  encountered  in 
the  upper  60  ft  was  resistant  to  penetration  by  the 
sampler  (standard  split  spoon  and  140-lb  hammer)  and  a 
few  units  were  considered  very  hard,  indicating  a  high 
degree  of  consolidation.  Some  samples  from  the  gravelly 
clay  between  20-  and  40-ft  depth  in  boring  WES-4  were 
almost  shale-like  in  consistency  and  hardness.  The 
silts  and  sands  encountered  within  the  upper  60  ft 
generally  all  exhibit  some  cohesion  and  maintain  their 
shape  when  cored.  An  exception  is  the  5-ft  thick  sand 
lens  near  elevation  555,  Sta  124+00  to  129+00,  logged 
as  SP,  SW,  and  SM  in  several  borings,  that  shows  only 
a  little  cohesion.  Blow  counts  in  borings  presented  in 
Figure  13  increased  abruptly  at  similar  depths  (around 
50  ft  at  elevation  560  ms 1)  south  of  Sta  125+00.  The 
soils  at  that  depth  would  appear  to  have  been  over¬ 
consolidated  by  loading,  but  because  the  sediments 
down  to  a  depth  of  about  90  ft  have  been  determined  to 
be  late  Wisconsin  glacial  lake  deposits  (para  38), 
there  should  have  been  no  thick  glacial  ice  loading  of 
the  upper  90  ft.  It  is  also  improbable  that  any  great 
thickness  of  soil  overburden  has  been  subsequently 
removed  in  the  short  geologic  time  since  deposition 
of  the  sediments  occurred.  The  glacial  till  complex 
below  the  beach  sand  unit  (Figure  13)  is  interpreted 
as  older  glacial  drift  and  probably  has  been  ice 
loaded  and  overconsolidated. 

c.  Beach  sand.  The  cohesionless  well-sorted  sand  below 
the  gravelly  clays  is  interpreted  as  a  beach  ridge 
developed  on  the  margin  of  one  of  the  glacial  lakes 
(Mozola,  1969).  The  importance  of  the  sand  is  its 
persistence  along  the  tunnel  route  near  the  invert  of 
the  tunnel.  The  unit  grades  from  fine,  occasionally 
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medium-grained  sand  to  very  fine  (grit  just  perceptible) 
to  silt  size.  The  silt  sizes  generally  occur  toward 
the  base  of  the  unit,  as  can  be  seen  in  borings  TB-29, 
WES-4,  TB-27,  WES-3,  TB-4,  and  TB-1,  Figure  13.  The 
sand  is  predominantly  quartz  with  varying  percentages 
of  light  and  dark  colored  accessory  minerals  of  igneous 
origin.  The  top  of  the  beach  unit,  as  determined 
from  boring  logs,  is  relatively  flat  (less  than  5-ft 
relief)  along  the  tunnel  line  and  is  exposed  along  the 
tunnel  above  the  invert. 

d_.  Distressed  Area  1,  Detailed  1  to  1  profiles  and 

sections  constructed  from  logs  of  the  closely  spaced 
TB  borings  made  in  early  February  1980  on  either  side 
of  the  tunnel,  in  the  central  portion  of  Distressed 
Area  1  are  shown  in  Figure  14.  The  tunnel  profile  and 
sections  are  for  the  as-built  location  before  distress. 
Silty  sand,  silt,  and  fine  sand  exist  along  the  base  of 
the  tunnel;  clay  and  silt  strata  exist  above  the  sand. 
The  material  excavated  during  mining  in  this  segment 
noted  considerable  sand  along  with  clay,  sandy  clay, 
stones  and  rocks  (Table  7).  Borings  TB-4  and  8A 
show  loose  sand  and  soft  clay  strata.  Voids  were  also 
found  adjacent  to  the  invert  in  TB-5  and  TB-12.  The 
sections  show  the  variable  stratification  on  either 
side  of  the  tunnel.  Lines  connecting  similar  strata 
indicate  orientation  of  silt,  clay,  and  sand  around 
the  tunnel  periphery,  before  distress.  The  density 
values  from  split  spoon  samples  are  shown  on  the 
profiles  in  Figure  14.  Although  split  spoon  samples 
are  considered  disturbed  samples,  the  dry  densities 
(excluding  the  effects  of  water  content)  provide  a 
relative  measure  or  index  of  in  situ  conditions. 

Low  density  values  are  indicated  for  the  soft  to  stiff 
clay  above  the  crown  at  Sta  132+40  (TB-8  and  TB-8A) 
and  in  the  silt  layer  at  Sta  131+40  (TB-12).  Dry 
densities  for  other  strata  range  from  113  to  129  pcf. 
These  values  are  within  the  range  for  samples  from 
other  locations  as  shown  in  Figure  15.  It  should 
be  noted  from  Figure  15  that  there  is  a  wide  range 
in  dry  densities  at  the  tunnel  site.  Thus,  low 
density  values  may  be  a  result  of  the  natural  variation 
in  the  complex  stratification.  Gradation  data  shown 
in  Figure  14a  indicates  that  the  beach  sand  unit  along 
the  base  of  the  tunnel  is  primarily  a  silty  sand.  The 
sand  content  increases  with  depth.  Very  low  blow  counts 
of  2  to  15  (compared  to  blow  counts  of  33  to  83  in 
preconstruction  borings  C-224  and  C-176,  Figure  9)  can 
be  noted  close  to  the  tunnel  in  Figure  14b.  Final 
collapse  of  the  tunnel  crown  at  Sta  131+80  occurred 
during  the  time  the  TB  borings  were  being  driHed 
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b.  SECTIONS 


Figure  14.  Profiles  and  sections 
in  Distressed  Area  1,  15  Mile  Road/ 
Edison  Corridor  Tunnel  Failure  Study 


PRECONSTRUCTION 


(site  settlement  observations,  para  61  c) .  Occurrence 
of  the  loose  and  soft  soil  conditions  and  low  blow 
counts  prior  to  collapse  or  as  a  result  of  collapse 
cannot  be  determined.  Additional  sections  of  soil 
stratification  just  north  and  south  of  Distressed 
Area  1  are  shown  in  Figure  16.  Although  considerable 
variation  in  stratification  persists  in  the  east-west 
direction,  TB-1  north  of  TB-26  (Figure  14a)  shows 
the  same  silt-sand  sequence  with  silt  deepening 
to  the  north.  Strata  changes  between  TB-24  and  WES-3 
are  shown  directly  in  Figure  13.  At  Sta  134+50 
(Figure  16),  low  dry  densities  and  low  blow  counts 
were  measured  17  ft  from  the  tunnel  sides  in  the  silt 
to  the  west  (TB-1)  and  silt  and  clayey  sand  to  the  east 
(TB-21),  indicating  loosening  of  these  materials  north 
of  the  distress  zone.  Figure  15  shows  a  lower  range  of 
dry  densities  in  comparison  to  other  locations.  At 
Sta  130-»1.5,  south  of  Distressed  Area  1  (Figure  16), 
dry  densities  and  blow  counts  were  generally  higher  than 
those  at  Sta  134+50  and  in  Distressed  Area  1.  The  beach 
sand  unit  at  Sta  130+15  has  considerable  sandy  silt 
(TB-34).  The  section  of  Sta  119+90  in  Figure  16 
is  referred  to  later. 


e.  Nondistressed  section  between  Distressed  Areas  1  and  2. 
Between  Distressed  Areas  1  and  2,  the  beach  sand  unit 
grades  from  interbedded  silt  and  fine  sand  to  fine  sand 
along  the  tunnel  invert  and  then  dips  to  elevation  531 
(Figure  13,  borings  WES-3  to  TB-17)  some  5  ft  below  the 
tunnel  invert,  at  the  north  end  of  Distressed  Area  2. 
Clay  and  silt  strata  occur  above  the  beach  sand.  The 
1  to  1  profiles  and  sections  for  closely  spaced  TB 
borings  (extending  72  ft  north  of  Distressed  Area  2) 
in  Figure  17  show  gradational  but  relatively  continuous 
clays,  silt,  and  sand  strata,  respectively,  above  the 
beach  sand.  The  gradation  data  for  strata  shown  as 
sand  and  silty  sand  in  Figure  17  indicates  considerable 
sandy  silt  lenses.  The  permeability  of  three  sandy 
silt  samples  from  TB  borings  (Figure  17)  was  10“^  cm/sec 
and  10-^  cm/sec  for  one  sample  of  silty  sand.  During 
excavation  (as  the  tunneling  progressed  south),  soils 
were  noted  as  hard  sandy  clay  to  hard  clay  with  sandy 
spots,  stones  and  rock.  The  material  changed  at  Sta 
128+76  to  sand  with  traces  of  clay  and  pebbles  to  large 
stones  (Table  7).  As  shown  in  Figure  17,  some  samples 
of  clay  above  the  crown  and  of  sand  at  the  base  of 
the  tunnel  had  low  dry  densities  of  105  to  109  pcf 
(TB-3,  TB-22,  and  TB-17).  Other  dry  densities  in 
the  clay,  silt,  and  sand  strata  ranged  from  111  to 
118  pcf  and  from  122  to  140  pcf  in  the  stiff  to 
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hard  sandy  clay  to  clayey  silt  stratum  dipping  from 
the  springline  at  Sta  129  to  the  tunnel  base  at  Sta 
128+50.  These  dry  density  values  are  compared  with 
those  at  other  locations  in  Figure  15.  Only  borings 
TB-22  and  TB-17  encountered  a  loose  sand  interval 
with  low  blow  counts  of  9  and  10.  Low  blow  counts 
of  8  to  20  in  clays,  just  above  the  tunnel  are 
similar  to  those  in  preconstruction  borings  C-224  and 
C-176  (Figure  9).  High  blow  counts  adjacent  to  the 
tunnel  are  also  comparable  to  those  for  the  precon¬ 
struction  borings.  The  soil  conditions  along  this 
undistressed  segment  are  similar  to  conditions  before 
construction. 

_f.  Distressed  Area  2.  In  Distressed  Area  2  the  fine¬ 
grained  beach  sand  rises  back  above  the  tunnel  invert 
and  a  stratum  of  fine  to  very  fine  sand  persists  along 
the  tunnel  between  the  springline  and  crown  (Figure  13). 
A  compact  to  soft  silt  layer  exists  along  the  tunnel 
crown.  Tunnel  excavation  was  noted  as  (1)  sand  mixed 
with  traces  of  clay,  pebbles,  and  large  stones  from 
128+76  to  127+76,  (2)  clay,  very  rocky  to  127+56, 

(3)  clay  to  sandy  clay  with  boulders,  rocks,  and 
scattered  stones  to  125+81,  and  (4)  hard  clay,  sand, 
traces  of  soft  clay  in  crown,  some  water  appearing, 
also  scattered  stones  (Table  7).  Test  boring  TB-14 
at  the  south  end  of  Distressed  Area  2  showed  low  dry 
densities  of  106  pcf  and  low  blow  counts  of  11  and  12 
in  the  silty  clay  near  the  tunnel  crown. 

£.  Nondistressed  section  between  Distressed  Areas  2  and  3. 
Between  Distressed  Areas  2  and  3,  the  beach  sand  con¬ 
tinues  at  a  slightly  decreasing  level  along  the  tunnel 
base  as  shown  in  Figure  13.  A  relatively  thick  strata 
of  hard  to  very  hard  silty  to  sandy  clay  with  variable 
gravel  content  occur  along  the  tunnel  above  the  sand 
with  intermittent  silt  strata  above  the  clay.  High 
blow  counts  in  boring  WES-2  and  the  TB  borings  are 
similar  to  those  before  construction.  Soil  conditions 
indicated  by  these  borings  are  considered  representative 
of  those  adjacent  to  the  tunnel.  The  section  at  Sta 
119+50  (Figure  16)  shows  correlation  of  strata  in  the 
east-west  direction  between  borings  TB-35  and  the 
preconstruction  boring  C-223  and  blow  counts  that  are 
similar.  During  tunneling  along  this  segment,  sand  was 
noted  only  from  123+46  south  to  122+61  (Table  7); 
sandy  clay  with  rocks  and  stones  was  the  general  soil 
condition  noted. 

ji.  Distressed  Area  3.  Along  Distressed  Area  3,  the  fine¬ 
grained  beach  sand  dips  below  the  tunnel  invert 
(Figure  13),  but  strata  of  sand,  sand  seams,  and  clayey 


65 


sand  with  much  gravel  (boring  WES-4)  are  prevalent.  A 
detailed  section  along  this  segment  shown  in  Figure  18 
indicates  the  sand  and  silt  layers  and  prevalent  sand 
seams.  Both  the  as-built  and  after  distress  tunnel 
profiles  are  shown.  Boring  WES-9  and  WES-10  adjacent 
to  the  tunnel  sides  lost  considerable  drilling  fluid 
down  to  elevations  570  and  563.  Drilling  fluid  from 
WES-9  was  found  entering  the  tunnel  the  day  following 
completion  of  the  boring.  Very  low  blow  counts  were 
indicative  of  the  soft  to  very  soft  soil  conditions 
found  in  boring  WES-9.  Boring  WES-10  indicated 
relatively  low  blow  counts  to  a  depth  of  8  ft  below 
the  tunnel.  The  higher  blow  counts  in  boring  TB-30 
can  be  explained  by  the  fact  that  this  boring  was 
24  ft  further  west  of  the  tunnel  than  boring  WES-10, 
and  soils  at  TB-30  were  probably  less  affected  by  the 
tunnel  distress.  Both  borings  TB-30  and  WES-4  indicated 
relatively  high  dry  densities  (Figure  15)  which  compare 
with  those  for  samples  from  the  preconstruction  boring 
C-222.  As  discussed  subsequently  (para  61  j>) ,  the  sand 
layers  and  seams  are  water  bearing.  Notes  on  tunnel 
excavation  materials  along  this  segment  included 
"sand  on  bottom"  (115+41  to  115+11),  "sand  seams  in 
bottom"  (114+66  to  114+36),  "sand  layer  in  face  at 
springline"  (113+71  to  113+31),  "sandy  bottom  and 
top"  (113+31  to  111)  and  traces  of  sand  indicative 
of  sand  lenses  from  Stas  114+86  to  114+66  and  113+11 
to  112+76.  Seepage  water  was  also  noted  from  113+11 
to  112+76. 

_i.  South  of  Distressed  Area  3.  South  of  Distressed 
Area  3,  the  beach  sand  dips  below  elevation  540. 

A  thick  stratum  of  well-graded  sand  and  gravel  with 
boulders  overlain  by  sandy  silts  and  silty  sands  occurs 
along  the  tunnel  at  boring  TB-29  and  Sta  108+70  where 
caving  ground  problems  started  during  mining.  Samples 
from  boring  TB-29  indicated  a  wide  range  of  dry 
densities  (Figure  15). 

61.  Conditions  during  site  stabilization  measures.  Tunnel 
conditions  during  grouting,  freezing,  and  dewatering  were  modified  as 
well  as  the  soil  conditions  around  the  tunnel.  While  these  measures 
were  necessary,  they  undoubtedly  modified  in  situ  stresses  and  soil 
properties.  The  sequence  of  stabilization  measures,  conditions  occurring 
during  their  implementation  and  effects  on  in  situ  stresses  and  soil 
properties  are  presented  in  the  following  section. 
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Stratification  and  soil 

conditions , 

Distressed  Area  3 

Sequence  of  operations.  Closely  spaced  TB  borings  in 
Distressed  Area  1  and  just  north  of  Distressed  Area  2 
were  started  1  February  1980  and  continued  through 
28  February  1980.  Piezometers  were  installed  in 
selected  TB  borings  and  grouting  was  done  in  other 
TB  borings.  Grouting  operations,  summarized  in 
Table  8,  were  accomplished  from  2  February  1980  to 

7  February  1980.  Borings  ("SP")made  to  install  settle¬ 
ment  pins  were  started  2  February  1980  and  completed 

on  13  February  1980.  The  tunnel  was  still  in  operation. 
Dewatering  at  well  No.  1  started  on  18  February  1980 
and  all  wells  were  in  operation  by  about  10  March  1980. 

Tunnel  crown  collapse,  Distressed  Area  1.  In  Distressed 
Area  1,  some  TB  borings  and  grouting  were  completed 
before  and  others  after  the  first  settlement  pin  read¬ 
ings  as  summarized  in  Table  9.  A  summary  of  settlement 
pin  data  is  shown  for  Distressed  Areas  1  and  2  in 
Figure  19.  The  as-built  and  deformed  tunnel  profiles 
are  shown  in  the  figure  for  correlation  with  settlement 
pin  data.  When  installed,  pins  5  through  9  showed  that 
the  crown  had  sagged  about  5  ft.  Pins  5  and  9  indicated 
further  movement  totaling  1  to  3  ft  from  5  February  1980 
to  20  February  1980  (plot  of  elevation  versus  date  in 
Figure  19).  Table  9  shows  that  significant  grout  was 
injected  in  TB-4,  TB-12,  TB-5,  and  TB-10  on  2  February 
1980  through  5  February  1980  before  settlement  readings. 
After  initial  pin  readings,  grout  was  injected  in  TB-11, 
TB-8A,  and  TB-6  on  6  February  1980  with  50  cu  ft  taken 
in  TB-11  and  150  cu  ft  in  TB-6.  After  completion  of 
the  TB  borings  on  8  February  1980  and  grouting  on 
6  February  1980,  pins  5  and  9  showed  an  additional 
downward  movement  of  the  crown.  Based  on  this  sequence 
of  events,  it  is  possible  that  further  fall-in  of 
the  crown  and  worsening  of  distress  could  have  been 
due,  in  part,  to  the  boring  and  grouting  operations. 

Surface  settlement.  Distressed  Area  1,  Because  of 
site  operations,  the  ground  surface  was  being  modified 
and  apparently  no  record  was  made  of  any  surface 
depressions  over  break  areas.  Using  ground  surface 
elevations  recorded  on  TB  and  SP  boring  logs,  estimated 
contours  of  the  ground  surface  over  break  area  1  as  of 

8  February  1980  was  developed  and  is  shown  in  Figure  19. 
An  apparent  surface  depression  of  about  1.2  ft  was 
indicated.  This  depression  could  have  resulted  from 
collapse  at  break  1  and  settlement  or  deforming  of  clay 
strata  and  dump  material  above  the  break. 
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Ground  freezing,  Distressed  Area  1.  Ground  freezing  of 
the  collapsed  section  in  Distressed  Area  1  apparently 
started  on  14  February  1980  with  row  9.  All  freeze 
pipes  were  apparently  in  operation  by  29  February  1980. 
The  ground  freezing  prevented  further  movement  and 
deformation  around  this  section  and  thus  helped 
preserve  in  situ  and  tunnel  collapse  conditions  and 
any  caving  above  the  tunnel  crown. 

Distressed  Area  2  to  3.  Just  north  of  Distressed 
Area  2,  closely  spaced  borings  and  grouting  were 
accomplished  after  initial  settlement  pin  readings. 

In  the  five  TB  borings  where  grout  was  injected,  grout 
take  was  recorded  only  at  TB-17  (27  cu  ft)  at  the  north 
end  of  Distressed  Area  2  where  5  ft  of  fine  sand 
existed  at  the  east  springline  with  a  low  blow  count 
of  9  (Figure  17).  Settlement  pin  readings  in  this 
area  indicated  only  a  small  settlement  of  0.02  ft 
at  SP-4.  SP-14  in  the  middle  of  area  2,  but  apparently 

not  seated  on  the  wood  lagging,  showed  only  0.02  ft 
settlement  through  24  March  1980  while  visual  measure¬ 
ment  in  the  tunnel  showed  a  crown  sag  of  1.33  ft  and 
0.83  ft  settlement  of  the  invert  on  1  March  1980.  Thus, 
the  tips  apparently  were  founded  in  silt  above  a  void 
created  when  the  tunnel  crown  moved  downward.  Settle¬ 
ments  of  other  deep  pins  south  of  Distressed  Area  1 
and  through  Distressed  Area  2  showed  either  no  settle¬ 
ment  or  settlements  of  0.02  to  0.05  ft  (0.6-in.  or 
less)  and  their  tip  elevation  except  for  SP-14  correlate 
with  the  existing  top  of  tunnel.  Shallow  pins  indicated 
random  settlements  as  high  as  0.26  ft  (3.5  in.),  which 
could  have  resulted  from  surface  operations  (operating 
equipment  destroyed  several  pins)  or  by  freezing 
weather  and  ice  recorded  on  data  sheets  of  pin  readings. 

Settlement  of  Distressed  Area  3.  The  settlement  pin 
data  for  area  3  is  summarized  in  Figure  20.  The  tip 
elevations  of  the  pins  indicated  significant  crown 
displacement  had  taken  place  before  pins  were  installed 
on  6  February  1980.  The  deep  pins  recorded  as  being 
in  contact  with  the  lagging  (SP-19  and  20)  showed  no 
further  crown  settlement  as  of  24  March  1980.  SP-18 

founded  at  the  same  depth  as  SP-20  also  showed  no 
settlement,  while  SP-17A  indicated  0.02  ft  on  4  March 
1980.  The  tip  elevations  of  the  pins  agree  closely  with 
the  estimated  existing  top  of  tunnel  lagging.  Shallow 
settlement  pins,  along  the  tunnel  centerline,  indicated 
settlement  of  0.11  ft  to  0.60  ft  which  tend  to  correlate 
with  the  variation  in  tunnel  crown  movement.  Pins  SP-25 
and  SP-24,  offset  38  ft  west  of  centerline  indicated  no 
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settlement.  It  is  possible  that  a  narrow  surface 
depression  formed  as  a  result  of  tunnel  settlement. 


£.  Site  dewatering  and  groundwater  conditions.  Dewatering 
at  the  site  reduced  water  pressures  around  the  tunnel 
and  increased  vertical  ground  pressures  to  the  wet 
weight  of  the  overburden.  Dewatering  could,  thus,  have 
caused  additional  settlement.  Operation  of  dewatering 
wells  generally  started  at  Distressed  Area  1  on 
18  February  1980  and  progressed  southward  with  all 
wells  pumping  by  10  March  1980.  Since  the  surface 
settlement  over  break  1  was  deduced  from  ground  surface 
elevations  at  TB  and  SP  borings  completed  on  8  March 
1980  prior  to  dewatering,  the  surface  settlement  was 
not  affected  by  dewatering.  However,  shallow  settlement 
measurements  after  18  February  1980  probably  were 
affected  by  dewatering  especially  north  of  Distressed 
Area  2  and  over  Distressed  Area  3.  On  the  other  hand, 
piezometer  data,  recorded  to  monitor  dewatering  success, 
provided  valuable  information  in  groundwater  at  the 
site . 

(1)  Locations .  A  plan  map  of  piezometer  and  dewatering 
well  locations  and  a  profile  of  recorded  water  levels 
in  piezometers  is  shown  in  Figure  21.  Piezometer 
locations  were  mainly  along  the  tunnel.  However,  two 
piezometers  (Nos.  39  and  42)  were  installed  1300  to 
1400  ft  west  of  the  tunnel  and  three  piezomters  were 
located  268  ft  (No.  40)  and  some  1300  ft  (Nos.  43  and 
44)  east.  One  additional  piezometer  (No.  37)  was 
located  192  ft  west  at  Sta  136+88.  All  piezometer  tips 
were  set  into  the  beach  sand  unit  to  a  depth  of  ±85  ft 
with  tips  at  elevations  of  about  530  to  515  depending 
on  ground  surface  elevations. 

(2)  Installation  and  reading.  Most  of  the  8-in.-diam 
piezometer  borings  (MCG-1,  TB-1,  TB-24  to  TB-29,  TB-33, 
TB-37  to  TB-39,  TB-41  to  TB-43)  were  drilled  by  rotary 
drilling  methods  using  water.  Borings  TB-37,  TB-39 
and  TB-41  were  drilled  using  hollow  stem  augers  (no 
drilling  water)  and  recorded  groundwater  depths  were 
not  affected  by  drilling.  Water  was  encountered  in 
TB-37  at  elevations  576  and  550.  The  elevation  of 

576  is  5  ft  lower  than  that  found  in  1969  in  Boring 
C-176  and  elevation  550  is  5  ft  higher  than  that  found 
in  drilling  the  1970  preconstruction  well  near  the  same 
location.  Frequent  water  level  readings  were  taken  and 
usually  stabilized  in  a  few  days.  Selected  piezometers 
were  bailed  and  recovery  readings  were  taken  to  verify 
functioning  of  the  piezometer.  Initial  water  levels  and 
selected  levels  by  date  are  shown  in  Figure  21.  Bailed 
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piezometers  recovered  within  one  to  two  days  indicated 
relatively  high  mass  permeability  of  the  sand  unit. 

(3)  Groundwater  levels.  Three  water  profiles  are  shown  on 
Figure  21.  The  upper  profile  is  for  conditions  192  to 
1400  ft  away  from  the  tunnel  after  stabilization  of 
piezometer  levels  in  the  sand  which  were  not  signifi¬ 
cantly  influenced  by  dewatering.  The  second  profile 
is  for  piezometers  near  the  tunnel  before  the  effects 
of  dewatering.  The  third  and  lowest  profile  is  along 
the  tunnel  after  dewatering  had  its  maximum  effect. 

The  two  lower  profiles  slope  upward  to  the  south  where 
they  tie  into  the  profile  uneffected  by  dewatering. 

This  trend  indicates  increased  stratification  of  c lays 
and  water  bearing  sands  to  the  south,  as  indicated  by 
borings  in  Distressed  Area  3  (Figure  18) .  The  trend  is 
supported  by  the  fact  that  the  five  wells  from  Sta  115 
south  could  not  pull  the  water  level  as  far  down  as  wells 
north  of  Sta  122  (Figure  21).  The  water  profiles  before 
dewatering  along  the  tunnel  and  at  a  distance  of  1300  ft 
to  1400  ft  from  the  tunnel  dip  down  in  the  vicinity  of 

Distressed  Area  2.  The  reason  is  unclear  but  could  be 

caused  by  a  southwes i.erly  seepage  trend  since  the  beach 
sand  appears  to  slope  to  the  southeast  (based  on  the  top 
of  beach  sand  at  elevations  560  in  boring  A-34  on 
Schoenherr  Rd  east  of  the  site  and  elevation  530  in  boring 

C-26  on  Maple  Rd  to  the  west).  Also  the  dip  in  the  top 

of  the  beach  sand  at  Sta  128  could  indicate  a  buried 
channel  with  more  permeable  strata  below  elevation  540. 

(4)  Groundwater  conditions.  Groundwater  levels  at  eleva¬ 
tions  581  in  1969  and  576  in  1971  near  Sta  133  (see 
(2)  above)  indicates  a  perched  water  table  in  the  clay 
at  a  depth  of  29  and  34  ft,  respectively.  Groundwater 
encountered  at  elevations  545  in  1971  and  550  in  1980 
in  the  beach  sand  near  Sta  133  was  seepage  water  under 
pressure.  An  artesian  condition  exists  in  this  sand 
because  piezometers  at  this  location  (No.  37)  and  west 
of  the  site  (No.  39)  in  the  beach  sand,  showed  a  signif¬ 
icant  rise  in  water  levels  for  several  days  after 
initial  readings.  This  is  confirmed  by  the  local  ground- 
water  conditions  (para  46)  and  by  bailing  tests  in 
piezometers  MCG-1,  Nos.  40,  29,  and  38  (Figure  21). 

The  estimated  groundwater  profile  before  dewatering  is 
a  measure  of  the  reduced  artesian  pressure  in  the  beach 
sand  caused  by  the  distressed  tunnel  segments  acting  as 
a  drain.  This  condition  is  evident  in  Figure  21  from 
the  difference  in  profiles  before  dewatering,  and  1300 
to  1400  ft  from  the  tunnel,  the  level  in  piezometers 
No.  37  near  15  Mile  Road  (Sta  137)  and  No.  43,  1284  ft 
east  of  Sta  101+40.  The  latter  groundwater  elevations 
correspond  to  the  natural  artesian  pressures  in  the  sand 
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away  from  distressed  segments  of  the  tunnel.  This 
higher  water  profile  represents  conditions  that  could 
have  existed  prior  to  start  of  distress  and  tunnel 
cracking.  The  profile  before  distress  could  have  been 
higher  or  lower  at  times  from  1972  to  1980  depending  on 
rainfall  and  recharge  conditions  as  described  in  para  57. 
From  the  above  conditions,  it  appears  that  the  sand 
along  the  tunnel  base  and  tunnel  construction  joints 
was  subject  to  water  pressure  heads  of  at.  least  13  ft 
to  22  ft  above  the  invert  during  the  interim  period 
from  1972  to  1980. 

62.  Tunnel  and  surrounding  soil  condition.  Seepage  and  sand 
infiltration  (piping),  soil  conditions  behind  lagging,  joint  conditions, 
and  visual  observations  relating  to  geotechnical  considerations  are 
described  in  this  section. 

a_.  Sand  piping  and  tunnel  leakage.  During  the  field  visit 
of  WES  structures  and  concrete  engineers  (just  after 
cleaning  out  of  the  tunnel  south  of  break  1)  on  15  May 
1980,  seepage  water  and  fine  sand  were  observed  flowing 
in  at  the  invert  of  a  construction  joint  at  Sta  120+71. 
The  water  pressure  at  this  location  was  equal  to  a  head 
of  about  2.5  ft  above  the  base  of  the  tunnel  (see 
Figure  21).  A  photograph  of  this  condition  is  shown 
in  Figure  22.  This  location  is  in  the  nondistressed 
segment  where  waterstops  were  not  placed  in  construction 
joints  and  where  sand  exists  along  the  invert  as  shown 
in  Figure  23.  A  sample  of  the  sand  was  obtained  and 
the  gradation  is  shown  in  Figure  24.  This  gradation 
is  very  similar  to  that  for  the  natural  sands  along 
the  base  of  the  tunnel  (see  soil  test  results, 
para  64).  When  a  concrete  core  at  Sta  117+70  (23  May 
1980),  2  ft  above  the  invert  on  the  east  side,  was 
taken  (with  the  last  0.05  ft  of  concrete  drilled  using 
a  2- in.  air  hammer),  water  seepage  began  piping  sand 
into  the  hole.  The  water  pressure  at  this  location 
was  equal  to  a  head  of  about  2.5  ft  above  the  wood 
lagging  at  the  base  of  the  core.  Again  at  Sta  117+25, 
water  seepage  piped  sand  into  the  tunnel  after  a 
concrete  core  at  the  invert  was  removed  from  the  hole. 

On  several  occasions,  a  packer  in  one  of  the  core  holes 
near  the  invert  was  knocked  out  during  bracing  opera¬ 
tions  and  water  seepage  piped  1  to  2  cu  ft  of  sand  into 
the  tunnel.  Seepage  also  occurred  from  2-in.-diam  holes 
drilled  through  the  tunnel  wall  to  check  soil  conditions. 
After  completion,  a  wooden  plug  was  inserted.  Several 
days  later  seepage,  as  shown  in  Figure  25,  was  evident 
around  the  plugs  south  of  Sta  122+82.  When  some  of  the 
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Figure  23.  Summary  of  distressed  tunnel  profile  and  soil  stratification 
15  Mile  Road/Edison  Corridor  Tunnel  Failure  Study 


24.  Gradation  of  sand  piped  into  tunnel  at  Sta  120+71 
15  Mile  Road/Edison  Corridor  Tunnel  Failure  Study 


.  Seeping  water  from  pli 
122+22,  15  Mile  Road/Edi 
Tunnel  Failure  Sti 


plugs  were  removed,  it  was  found  that  sand  had  been 
carried  up  into  the  hole  by  seepage  water.  The  above 
incidents  illustrate  the  piping  characteristics  of  the 
beach  sand  under  relatively  low  water  pressure. 

Staining  of  the  tunnel  wall  from  water  seeping  out 
around  the  plugs  and  leaving  an  iron  mineral  deposit 
started  several  days  after  the  holes  were  first 
plugged.  Numerous  construction  joints  and  cold 
joints  showed  evidence  of  water  leakage  from  staining 
and  mineral  deposits  built  up  on  the  inside  of  the 
tunnel  wall.  An  example  of  staining  at  a  cold  joint 
is  shown  in  Figure  26.  This  area  had  waterstops  in 
construction  joints  starting  at  Sta  118+62.  Data 
summarized  in  Table  10  for  the  nondistressed  area  is 
indicative  of  conditions  prior  to  distress  in  other 
areas.  Water  seepage  was  noted  on  24  June  1980  at 
Sta  114+40  and  115+30  where  the  water  pressure  head 
was  near  the  springline  outside  the  tunnel.  The 
water  was  clear  with  no  apparent  sand  piping.  The  seep¬ 
age  at  114+40  was  1/2-in.  high  and  coming  through  a 
narrow  crack  in  the  construction  joint  at  the  invert. 

At  115+30  water  was  seeping  through  a  1/8-in.  crack  in 
the  west  lower  quarter. 

Soil  conditions  behind  lagging.  The  2-in.-diam  air 
hammer  holes  in  the  tunnel  wall  were  made  at  selected 
locations  in  distressed  and  nondistressed  areas 
initially  to  check  for  voids  beneath  the  tunnel  just 
below  the  location  of  clay-sand  strata  contacts 
derived  from  boring  logs.  However,  no  voids  were  found 
behind  the  lagging.  Use  of  the  small  core  penetrometer 
was  then  decided  on  after  a  number  of  the  holes  were 
completed.  The  cone  penetration  tests  were  made  to 
obtain  a  qualitative  indication  of  the  consistency  of 
clays  (stiff  to  soft),  and  sands  (loose  to  dense). 

The  results  shown  in  Table  11  verified  soil  types 
determined  from  surface  borings.  However,  the  results 
of  these  borings  and  tests  are  not  entirely  representa¬ 
tive  of  natural  conditions  because  of  dewatering  which 
increased  the  soil  resistance,  especially  for  sands. 

In  the  accessible  area  north  of  break  1,  the  sand, 
silty  sand,  and  silty  clay  was  frozen  to  semi-frozen 
from  Sta  132+36  to  132+12  and  the  relative  consistency 
was  not  considered.  South  of  break  area  1  no  soft  or 
loose  conditions  were  found  until  Sta  128+39  near 
area  2.  At  several  locations  adjacent  to  construction 
joints  in  Distressed  Area  2,  1.5  in.  to  6  in.  of 
penetration  was  recorded,  indicating  relatively  loose 
sands  and  soft  clays.  Similar  penetrations  indicated 
loose  silty  sand  and  sandy  clay  at  or  near  construction 
joints  in  the  nondistressed  segment  at  Stas  124+92, 
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Figure  26.  Ex a:::^ie  of  .--.training  indicating  water  leakage  through  cold  join 

nondistrossed  tunnel  section 


123+87,  and  122+82.  Behind  the  lower  quarter  on  the 
east  side  at  Sta  123+07,  very  soft  sandy  silt  was 
penetrated  18  in.  At  122+82  very  soft  sandy  clay 
was  found  just  behind  the  lagging.  In  Distressed 
Area  3,  two  holes  in  the  east  and  west  lower  quarter 
indicated  silty  sand  to  sandy  silt.  These  soil  types 
correlated  with  those  found  in  boring  WES-10.  However, 
no  apparent  loose  condition  was  noted.  Additional 
holes  in  this  area  were  not  made  because  of  the  higher 
groundwater  pressures  and  the  possibility  of  excess 
piping  of  sand  into  the  tunnel. 

c_.  Joint  conditions.  Construction  joints  in  the  tunnel 
showed  the  following  conditions: 

(1)  Pieces  of  construction  joint  from  fractured  areas  in 
Distressed  Area  2,  Sta  128+07,  east  lower  quarter  and 
springline  contained  a  firm  deposit  of  silty  sand  on 
the  joint  face. 

(2)  A  concrete  core  was  taken  at  Sta  115±45  in  the  east 
side  of  the  Sta  115+47  construction  joint.  The  tunnel 
at  this  joint  is  shown  in  Figure  27.  The  core  was 
taken  to  check  the  competence  of  an  undistressed  water- 
stop  joint  just  north  of  Distressed  Area  3.  As  shown 

in  Figure  28,  a  waterstop  was  found  in  the  joint  keyway. 
Also  found  was  a  piece  of  wood  at  the  lagging  side  of 
the  joint.  The  wood  did  not  appear  to  be  part  of  the 
lagging  and  could  be  a  piece  of  wood  used  to  block  off 
the  bulkhead  from  the  lagging  during  concreting.  The 
joint  was  iron  stained  on  the  tunnel  side  portion, 
indicating  water  leakage.  The  joint  was  clean  with  no 
signs  of  silt  and  no  signs  of  waterproofing  mastic. 

(3)  At  Sta  114+42,  a  small  section  of  construction  joint 
on  the  east  lower  quarter  was  filled  with  sandy  silt 
behind  a  loose  concrete  cover  piece  about  4  in.  thick. 
The  area  is  shown  in  Figure  29.  Subsequent  digging 
into  the  silt  indicated  that  it  extended  all  the  way 
through  the  joint.  A  waterstop  and  a  piece  of  soft  wet 
(partially  decayed)  wood  was  found  in  the  digging 
process.  Whether  this  wood  was  used  to  hold  the  water- 
stop  out  during  concreting  or  was  used  to  block  off  the 
lagging  side  of  the  concrete-form  bulkhead  is  unknown. 
The  waterstop  and  a  piece  of  wood  were  also  found  high 
up  in  this  joint. 

(4)  Construction  joints  at  Stas  113+37,  112+32,  and  111+27 
in  Distressed  Area  3  were  checked  using  a  geologist’s 
hammer  and  drill  to  open  the  joints.  Waterstops  and 
wood  were  also  found  as  noted  in  Table  12, 
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(5)  A  concrete  core  of  a  cold  joint  In  the  nondistresaed 
area  between  Distressed  Areas  2  and  3  was  checked  when 
received  at  WES.  The  core  separated  easily  at  the  cold 
joint  and  contained  a  thin  veneer  of  fine  sand. 

(6)  The  above  information  indicates  that  construction 
joints  in  Distressed  Areas  2  and  3  contained  silty 
sand,  that  very  fine  sand  existed  in  cold  joints  in  the 
nondistressed  area,  that  the  waterstop  in  a  non- 
distressed  area  contained  wood  and  experienced  leakage. 
In  addition,  when  the  tunnel  section  south  of  Distressed 
Area  1  was  cleaned  out  in  early  May  1980,  a  considerable 
amount  of  fine  sand  was  removed.  The  competence  of 
waterstops  in  construction  joints  in  Distressed  Area  3 
could  have  been  detrimentally  affected  by  wood  found 

in  the  keyways. 

Soil  properties 

63.  Soil  properties  from  WES  laboratory  tests  are  summarized 
in  this  section.  A  test  data  summary  sheet  is  shown  in  Table  13  and 
detailed  test  results  are  contained  in  Appendices  B  through  E. 

64.  Soil  classification  and  sand  gradation.  Laboratory 
classifications  were  performed  on  sections  of  undisturbed  samples 
trimmed  into  specimens  for  different  tests,  and  whole  samples  selected 
for  physical  property  tests  and  special  piping  tests.  The  results 
indicated  that  soils  at  the  site  were  more  variable  than  indicated 

on  graphical  logs  of  borings.  Gradation  curves  (Appendix  B)  summarized 
in  Figures  30  through  32  and  Atterberg  limits  (Table  13)  show  that 
some  samples  recovered  from  the  beach  sand  unit  classified  in  the 
field  (from  material  in  the  ends  of  undisturbed  sample  tubes)  as 
fine  sand  often  contained  more  silty  and  clayey  strata.  This  condition 
was  previously  noted  in  paragraph  60  from  gradation  data  shown  in 
Figures  14  through  18.  However,  jar  samples  from  split  spoon  borings 
indicated  strata  of  very  fine  sand  similar  to  the  gradation  of 
sample  38,  boring  WES-1  (Figure  30) .  The  sample  of  silty  sand  piped 
into  the  tunnel  at  Sta  120+71  (Figure  24)  indicates  that  very  fine 
cohesionless  sand  exists  along  the  tunnel.  The  gradation  of  the 
fine  sands  is  further  illustrated  in  Figure  33  by  the  grain  size 
distribution  curves  shown  from  the  CS-858  contract  drawings  for  the 
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Gradation  of  samples  from  boring  WES-3,  15  Mile  Road/Edison  Corrido 
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Figure  33.  Gradation  of  samples  from  borings  TB-1,  TB-5,  and  TB-21 
15  Mile  Road/Edison  Corridor  Tunnel  Failure  Study 


temporary  bypass  and  pumping  shaft.  The  curves  of  interest  are  those 
labeled  "native  soils"  for  depths  of  70  to  79.5  ft  from  TB-1,  TB-5, 
and  TB-21.  These  borings  were  located  just  north  of  and  in  break 
area  1.  During  clean  out  of  break  area  1,  a  large  amount  of  sand  was 
found  under  other  soil  and  concrete  in  the  tunnel.  The  lower  segment 
of  the  tunnel  at  break  1  had  settled  about  5  ft  into  sand  along 
the  base  of  the  tunnel.  The  gradations  for  two  jar  samples  from 
the  sand  deposit  in  the  tunnel  are  shown  in  Figure  34  and  are  similar 
to  gradations  for  the  silty  sand  from  Sta  120+71,  sample  S-4  (TB-5) 
and  sample  38  from  boring  WES-1. 

65.  Physical  properties.  Water  contents,  Atterberg  limits, 
and  wet  unit  weights  for  sele""ed  undisturbed  samples  from  borings  WES-3 
(Sta  130+20)  and  WES-4  (Sta  112+81)  are  shown  according  to  elevation 
in  Figure  35.  Specific  gravities  for  the  clay  materials  were  uniform 
with  values  of  2.74  to  2.76. 

a.  Water  content.  The  water  contents  of  samples  for 
Sta  132+20  were  higher  at  depth  than  at  Sta  112+80, 
perhaps  due  to  the  greater  water  seepage  source  from 
the  dump  material  and  the  existence  of  more  plastic 
clays  at  Sta  130+20.  Water  contents  of  samples  from 
boring  WES-4  (Sta  112+81)  between  elevations  590 
and  555  were  higher  than  those  before  construction 
at  Sta  111+80  (boring  C-222,  Figure  10).  These  are 
the  only  two  borings  close  enough  to  compare  water 
contents  after  distress  with  those  before  construction. 
Thus,  water  contents  after  tunnel  distress  in  area  3 
appear  to  be  higher  than  before  construction.  The 
water  contents  before  tunnel  distress  could  have  been 
slightly  higher  since  about  two  months  of  dewatering 
and  drainage  of  soils  around  the  tunnel  occurred  before 
boring  WES-4  was  made.  In  the  upper  15  ft  at  Sta  112+81, 
water  contents  were  near  the  liquid  limits,  indicating 
normally  consolidated  soils;  at  depths  below  elevation 
590  water  contents  were  close  to  the  plastic  limit, 
indicating  an  overconsolidated  condition. 

Js.  Wet  unit  weights.  The  total  unit  weights  (as  indicated 
by  wet  density)  are  shown  in  Figure  35  since  they 
relate  to  the  existing  total  overburden  pressure. 

Wet  densities  of  about  129  to  143  pcf  for  samples  from 
Sta  130+20  (under  the  dump)  are  generally  lower  than 
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Figure  34.  Gradation  of  samples  from  soil  deposit,  break  area 
15  Mile  Road/Edison  Corridor  Tunnel  Failure  Study 


WATER  CONTENT 


Figure  35.  Water  content,  plasticity,  and  wet  unit  weight  versus  depth 


those  at  Sta  112+81  (dry  densities  also  are  lower). 

The  wet  densities  at  Sta  112+81  increase  with  depth  to 
152  pcf  (at  the  tunnel  crown  in  Distressed  Area  2), 
then  show  a  marked  decrease  for  the  sandy  clay  above  the 
springline.  However,  this  decrease  may  be  a  result  r r 
natural  variation  since  unit  weights  for  samples  from 
boring  WES-4,  between  elevation  553  to  558  (Figure  35), 
are  almost  the  same  as  those  for  samples  from  boring 
C-222  (Figure  10).  The  density  of  the  silty  sand 
samples  (below  elev  539,  Figure  35)  are  not  as  dense  as 
would  be  expected  from  the  blow  count  data.  Since 
sampling  causes  stress  release,  the  samples  tend  to 
expand  and  may  be  further  disturbed  during  handling 
and  transit  to  the  laboratory.  This  is  especially 
true  for  silty  sand  and  sand  samples.  Consequently, 
unit  weights  can  be  lower  than  they  are  in  situ. 

When  clay  samples  were  opened  in  the  laboratory, 
some  were  noted  to  have  cracks  indicative  of  stress 
release.  Consequently,  all  test  results  should  be 
considered  with  the  above  in  mind. 

66.  Special  piping  tests.  To  assess  the  piping  susceptibility 
of  sands  and  silts  around  the  tunnel,  six  undisturbed  samples  were 
tested.  Five  samples  were  selected  from  those  recovered  from  the  sand 
unit  along  the  base  of  the  tunnel  and  one  from  the  sandy  clay  strata 
at  the  tunnel  crown.  The  selection  of  samples  was  limited  since  the 
fine-grained  sands  along  the  tunnel  and  in  the  beach  sand  unit  were 
easily  eroded  out  of  the  tubes  during  field  sampling.  Recovery  was 
low,  in  spite  of  attempts  to  obtain  complete  samples  (using  core 
catcher  strips  in  5-in.-diam  tubes,  heavier  drilling  mud,  and  pushing 
3-in.-diam  sample  tubes).  Although  most  samples  tested  had  homogeneous 
pockets  of  sand,  they  also  had  varying  amounts  of  silt  and  clay.  The 
samples  tested  and  a  summary  of  test  results  are  listed  in  Table  14. 

a_.  Initial  tests.  The  first  two  samples  were  tested 
with  a  1/16-in.  wide  longitudinal  slot  cut  along 
the  central  one-third  of  the  sample.  These  samples 
piped  material  next  to  the  sample  tube  interface 
where  the  least  resistance  to  flow  occurred.  To 
provide  better  distribution  of  seepage  piping,  the 
longitudinal  slots  were  sealed  and  five  short 
circumferential  slots,  1/32  in.  wide,  were  cut 
around  the  middle  of  these  samples  and  the  samples 
retested.  When  a  sample  preserved  in  wax  and 
cardboard  tube  (WES-4-20)  was  tested,  the  slots 
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tended  to  swell  shut  and  further  tests  were 
restricted  to  samples  in  steel  tubes. 

Piping  sequence.  When  the  water  pressure  was  raised 
to  2  or  3  psi  at  the  start  of  a  test,  soil  particles 
began  streaming  out  of  the  lower  slot  as  shown  in 
Figure  36.  More  material  usually  flowed  out  of  slots 
in  the  sides  than  out  of  the  slot  in  the  top.  Very 
little  material  flowed  out  of  slots  in  the  bottom, 
probably  due  to  the  weight  of  the  sample  against  the 
bottom  of  the  tube.  Under  a  given  pressure,  piping 
ceased  after  several  minutes.  If  the  water  pressure 
was  then  shut  off,  allowing  "soil  readjustment"  for 
several  hours  (at  zero  pressure),  a  small  amount  of 
piping  could  be  reinitiated  when  the  same  pressure  was 
again  applied.  Piping  occurred  readily  from  samples 
containing  less  dense  sands  and  silts  having  little  or 
no  cohesion. 

c.  Sample  erosion.  Examination  of  samples  after  testing 
revealed  erosion  primarily  along  the  top  half  of 
samples  and  also  along  the  sample  and  tube  interface. 

An  example  is  shown  in  Figure  37.  Samples  tested  were 
not  tight  against  the  tube.  Erosion  along  an  interface 
(such  as  between  the  tunnel  lagging  and  adjacent  soil) 
would  be  expected  because  of  the  likely  existence  of 
small  voids.  This  condition  would  allow  water  under 
pressure  to  seek  the  path  of  least  resistance,  picking 
up  soil  particles  along  its  route.  An  anomalous 
erosion  path  occurred  in  sample  WES-4-32,  as  shown 
in  Figure  38.  This  sample  developed  a  circular 
piping  hole  that  continued  to  the  slots  at  the 
middle  of  the  sample.  During  testing,  a  sudden  rise 
in  water  pressure  was  made  inadvertently.  It  is 
suspected  that  this  pressure  jump  started  the  hole 
in  the  center  of  the  sample.  However,  the  other  end 
of  the  sample  eroded  in  the  usual  manner. 

ch  Piping  susceptibility.  Because  of  the  heterogeneous 
quantities  of  sand,  clay,  and  silt  in  the  samples  and 
variation  in  erosion,  a  quantitative  scale  of  piping 
susceptibility  for  the  sands  and  silts  cannot  be 
established.  However,  it  was  evident  that  the  sands 
and  silts  readily  piped  under  water  pressures  as  low 
as  3/4  to  2  psi.  This  pressure  is  equal  to  a  head  of 
water  of  only  1.7  to  4.6  ft.  The  first  sample  tested 
was  predominantly  fine-  to  medium-grained  sand  and  began 
piping  rapidly  under  the  low  water  pressure  of  3/4  psi. 
The  gradation  of  the  piped  material  versus  material  left 
in  the  sample  is  shown  for  tests  on  sample  WES-1-34  and 
WES-1-38  in  Figure  39.  The  piped  material  gradation  is 
similar  to  silty  sand  piped  into  the  tunnel  (Figure  24) . 


96 


iping  te.; 


15  Mile  Road/Kdioor,  Corridor 


Slot  openings  of  1/16-in.  and  1/32-in.  were  selected 
as  a  practical  minimum  corresponding  to  possible 
construction  joint  openings.  While  these  slot  widths 
would  not  apply  to  the  much  smaller  openings  in 
cold  joints,  the  minimum  size  of  joint  openings 
for  the  susceptible  sands  and  silts  with  little  or  no 
cohesion  can  be  estimated  from  criteria  used  for 
slotted  drain  pipes.  To  prevent  soil  infiltration, 
the  slot  width  for  drain  pipes  used  to  collect  sub¬ 
surface  seepage  is  required  to  be  equal  to  or  less  than 
the  D5Q  size  (mean  particle  size)  of  the  soil  next  to 
the  slot  (Department  of  the  Army  TM  5-818-1).  For  the 
gradations  shown  in  Figures  33  and  38,  the  D50  size 
varies  from  0.15  to  0.6  mm  and  corresponds  to  a  slot 
width  of  0.006  to  0.02  in.  Based  on  this  criteria,  fine 
sands  and  silts  could  be  piped  through  joint  openings 
as  small  as  0.01  in.  which  could  correspond  to  cold 
joint  openings. 

e.  Pinhole  erosion  tests.  Results  of  pinhole  tests  on 

silty  clay  and  clayey  silt  in  a  sample  from  the  tunnel 
depth  (WES-1-32,  53  to  54.7  ft)  indicated  no  suscepti¬ 
bility  to  piping  erosion.  This  result  would  be 
expected  for  cohesive  soils. 

67.  Consolidation  characteristics.  Specimens  trimmed  from  the 
two  samples  of  clay  (WES-4-12,  21  to  22  ft,  and  WES- 3-18,  55.5  to 
55.6  ft)  used  for  consolidation  tests  (Appendix  C)  showed  the  clay  to  be 
overconsolidated.  The  estimated  overconsolidation  ratios  (OCR)  were 
about  3.8  for  the  clay  at  a  depth  of  21-22  ft  and  1.4  for  the  clay 
at  a  depth  of  55  ft.  Based  on  a  relationship  of  Kq  versus  plasticity 
index  (PI  *  LL-PL)  and  OCR  by  Brooker  and  Ireland  (1965),  the  estimated 
values  were  0.8  for  the  21-22  ft  depth  and  0.43  for  the  55-ft  depth. 

The  higher  value  at  the  21-22  ft  depth  may  be  related  to  overconsolidation 
from  dissication  (para  40).  Constrained  modulus  values  were  determined 
for  the  estimated  in  situ  vertical  effective  stress  by  plotting  the 
consolidation  load  and  deformation  as  a  stress  strain  curve.  The 
estimated  values  were  2570  and  2890  psi,  respectively  for  the  depths  of 
22  and  55  ft.  These  values  correspond  to  a  drained  condition  with 
no  lateral  yield. 


68.  Drained  direct  shear  strength.  Standard  direct  shear  tests 

(Appendix  D)  were  performed  on  specimens  from  samples  of  lean  clays  and 
sandy  clays  from  depths  of  41  ft  in  boring  WES-3  and  10,  25,  50,  and 

52  ft  in  WES-4.  Each  test  included  three  specimens  consolidated  under 

a  range  of  loads  spanning  the  estimated  in  situ  vertical  pressure 
at  the  sample  depth.  The  shear  stress  peaked  and  then  decreased  with 
increasing  horizontal  deformation,  indicating  a  brittle  type  material 
in  which  the  shear  strength  decreases  after  a  small  displacement.  As 
listed  in  Table  13,  the  lowest  strength  (c  =  0.1  tsf,  0  =  24  deg)  is 
for  clay  at  a  depth  of  10  ft.  The  strength  parameters  below  the  dump 
at  a  depth  of  41  ft  were  c  =  0.15  tsf  and  0  =  26.5  deg.  For  the 
sandy  clay  at  the  50  to  52  ft  depth  near  the  tunnel  crown  in  Distrssed 

Area  3,  strength  values  were  c  »  0,  0  =  28.5  deg  and  33.5  deg.  The 

strength  of  clay  below  the  dump  just  south  of  Distressed  Area  1  for 
the  one  test  is  slightly  lower  than  that  in  Distressed  Area  2. 

69.  Results  from  K  R  tests.  The  results  of  special  K  R 

_ o _  o 

triaxial  compression  tests  (Appendix  E)  on  four  2.8-in.-diam  specimens 

are  summarized  in  Table  15.  After  K  consolidation  to  the  estimated 

o 

in  situ  vertical  stress  using  stress  controlled  loading,  the  axial 

loading  was  increased  with  no  drainage  until  a  straight  line  on  a 

Mohr  stress  plot  was  well  established.  Induced  pore  water  pressures 

during  undrained  loading  changed  from  positive  to  negative  and  the 

line  of  constant  slope  indicated  a  negative  cohesion  for  three  ._f  the 

tests  (WES- 3-24,  WES-4-24,  and  WES-4- 30).  For  the  three  tests,  the 

failure  condition  was  taken  at  zero  induced  pore  water  pressure  and 

zero  cohesion  to  establish  a  0  value. 

a.  K  values.  The  values  of  K  appear  reasonable  since 
—  _o _  o 

they  tend  to  agree  with  the  value  of  0.43  based  on 
the  consolidation  test  on  a  specimen  from  sample 
WES-4-24  which  was  also  used  for  one  of  the  K  R  tests. 
Thus,  it  appears  that  the  in  situ  K  values  a?ter 
tunnel  distress  and  dewatering  are  ?n  the  range  of 
0.4  to  0.45.  A  range  of  0.4  to  0.5  is  considered 
reasonable  for  conditions  prior  to  distress. 
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_b.  Modulus  values.  The  deviator-stress-strain  curves 

for  undrained  loading  (in  which  the  effective  and  total 
deviator  stress  values  are  equal)  showed  an  increase  in 
slope  at  strains  where  induced  pore  water  pressure 
became  negative.  The  modulus  values  were  determined 
from  the  initial  segment  of  the  stress-strain  curve 
and  show  a  lower  value  for  the  silty  clay  (CL) 
specimens  than  for  the  silt  and  interbedded  sand- 
silt  specimens.  This  appears  reasonable  since 
values  for  less  cohesive  soils  such  as  dense 
silts  and  fine  sands  are  usually  higher.  Data  in 
Table  16  for  similar  glacial  lake  materials,  show 
a  range  of  modulus  values  estimated  for  this 
report  from  the  results  of  two  standard  R  triaxial 
tests  reported  in  the  Midland  FSAR.  Only  materials 
below  a  depth  of  about  180  ft  (elevation  420)  at  the 
Midland  site  were  reported  to  have  been  heavily 
overconsolidated  by  ice  loading  in  past  geologic 
history.  Ground  surface  at  Midland  is  at  about 
elevation  600  and  corresponds  with  the  tunnel  site 
ground  surface  elevations  and  confirms  that  over¬ 
consolidation  of  materials  above  elevation  520  at  the 
tunnel  site  is  not  due  to  ice  loading.  It  can  be  noted 
from  Table  16  that  while  cohesion  values  were  obtained 
in  these  tests,  the  0  values  are  similar  to  those  for 

the  K  R  tests  in  Table  15. 
o 

Analytical  studies 

70.  Analyses  were  made  to  estimate  in  situ  vertical  and  lateral 
pressures  for  use  in  the  structural  finite  element  analyses  in  the 
subsequent  structural  section  of  this  report.  The  range  of  values  of 
effective  and  total  stress  earth  pressure  coefficients,  Poisson's  ratio, 
and  modulus  of  elasticity  applicable  for  soils  at  the  site  were  also 
determined.  Changes  in  the  in  situ  stresses  after  restoration  of  the 
groundwater  and  potential  water  and  soil  infiltration  into  the  tunnel 
were  also  analyzed.  These  analyses  are  summarized  below. 

71.  In  situ  stresses.  Vertical  and  horizontal  pressures  were 

estimated  for  two  conditions  on  the  basis  of  wet  unit  weights  from 

undisturbed  samples  and  K  values  from  K  R  tests.  The  first  condition, 

o  o 

as  shown  in  Figure  40  at  boring  WES-3,  Sta  130+20  (just  south  of 
Distressed  Area  1),  is  during  mining  with  dewatering.  The  second  is 
before  and  after  construction  when  the  water  table  returned  to  a 
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natural  condition  at  about  elevation  566  (based  on  measured  piezometric 
levels  1300  to  1400  ft  from  the  tunnel  (para  61  g) . 

a_.  Vertical  pressures.  Total  vertical  stresses  are  based 
on  total  unit  weights.  A  perched  water  condition 
exists  in  the  dump  area  and  the  water  and  material  in 
the  dump  rest  on  the  underlying  soils  as  if  contained 
in  a  bathtub.  Drainage  of  the  dump  is  prevented  by  the 
underlying  plastic  and  impermeable  clays.  The  perched 
water  level  is  based  on  the  log  of  boring  TB-24  that 
showed  fill  with  some  debris  to  a  6-ft  depth  and  that 
groundwater  was  encountered  at  the  same  depth  (con¬ 
sidered  reliable  because  the  hole  was  advanced  with 
a  solid  stem  auger  to  10  ft  and  cased  to  12.5  ft). 

The  saturated  unit  weight  of  110  pcf  for  dump  material 
was  based  on  the  loose,  caving  conditions  in  boring 
WES-2  (para  60).  Effective  vertical  pressures  are 
based  on  submerged  unit  weights  of  soils  below  the  water 
levels  shown  for  conditions  A  and  B.  The  artesian 
pressure  acting  in  the  beach  sand  unit  is  assumed  for 
condition  B  to  rise  through  the  lean  clay  and  sandy  clay 
which  is  stratified  with  silt  and  sand  seams.  A  similar 
plot  of  vertical  pressure  versus  depth  is  shown  in 
Figure  41  for  Sta  112+81  (adjacent  to  Distressed  Area  3). 
Vertical  stresses  are  only  about  0.3  tsf  higher  than  at 
Sta  130+20  and  the  stresses  shown  for  Sta  112+81  are 
representative  of  stresses  at  locations  other  than  the 
dump  area. 

J>.  Horizontal  stresses.  Effective  horizontal  stresses  are 
equal  to  K  (the  effective  stress  coefficient  of  earth 
pressure  a?  rest)  times  the  effective  vertical  stress. 

The  effective  stress  is  equal  to  the  total  stress  less 
the  pore  water  pressure.  For  the  drained  condition 
with  no  pore  water  pressure  during  dewatering,  the 
effective  stress  was  taken  as  equal  to  the  total 
stress.  The  values  of  K  shown  in  Figures  40  and  41 
are  based  on  the  K  R  test  results  (Table  15)  and  K 
values  estimated  from  consolidation  test  data.  The0 
values  are  affected  by  stress  release  of  ground 
pressure  during  sampling  and  may  be  low.  Consequently, 
effective  horizontal  stress  lines  for  an  upper  limit  for 
K  of  0.6  are  shown  on  Figures  40  and  41  to  bracket 
possible  values.  A  value  of  0.65  was  determined  for 
very  dense  highly  overconsolidated  glacial  till  north 
of  Toronto  (Radhakrishna  and  Klym,  1974)  and  a  value 
of  0.6  is  considered  an  upper  limit  for  the  dense 
materials  at  the  tunnel  site.  When  total  stresses 
are  considered  beneath  the  water  table  for  saturated 
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Figure  41.  Estimated  in  situ  soil  stresses,  Sta  112+80 


soils,  a  total  stress  at  rest  coefficient  (K)  is  used 
and  determined  (Dunlop,  Duncan,  and  Seed,  1968)  from: 


K 


K  +  (1  -  K  )  (  y  / 
o  o  w 


ysat) 


where  y  and  y  are  the  unit  weight  of  water  and 
of  saturated  soilfa£espectively.  Listed  below  are 
values  of  K  and  corresponding  K  values  used  in 
calculating°estimated  horizontal  pressures  on  soil 
boundaries  for  the  structural  analyses.  Corresponding 
values  of  v '  and  V  (effective  and  total  Poisson's  ratio, 
respectively)  are  also  shown  ( v  »  K/(l+K)).  These 
values  change  very  little  as  shown  in  Figure  42  for 
the  range  of  saturated  unit  weights  (136  to  152  pcf) 
used  to  determine  in  situ  stresses. 


0.40  0.29  0.67 

0.60  0.38  0.78 

Values  of  K  and  1/  for  total  pressures  are  higher 

and  have  less  variation  than  KQ  and  V  '  values. 

Thus,  K  values  of  0.7  and  0.8  were  selected  to 
cover  the  possible  range  for  in  situ  conditions. 

Modulus  values.  Modulus  of  elasticity  (E)  values 
needed  in  the  structural  analyses  were  based  on  those 
in  Table  15  from  K  R  undrained  loading.  Sample 
stress  release  affects  laboratory  measured  values. 
Studies  of  E  values  from  in  situ  field  tests  and 
laboratory  tests  show  that  field  measured  values  for 
highly  overconsolidated  till  are  as  much  as  twice  the 
laboratory  values  (Radhakrishna  and  Klym,  1974) . 
Consequently  E  values  in  Table  15  were  increased  by 
a  factor  of  1.5  to  account  for  stress  release  and 
possible  disturbance.  The  value  recommended  for  the 
60  ft  clay  and  silt  unit  was  3000  psi.  A  value  of 
6000  psi  was  recommended  for  fine  sands  to  sandy 
silts  in  the  beach  sand  unit.  These  values  also  tend 
to  agree  with  those  in  Table  16  for  the  Midland 
Nuclear  Plant  Site. 

Effect  of  restored  groundwater.  As  shown  in  Figures 
40  and  41,  restoration  of  the  groundwater  results  in 
lower  vertical  and  lateral  effective  stresses  from 
the  buoyancy  effect  of  the  water.  However,  the  total 
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stresses  in  the  soil  below  the  restored  water  level 
are  essentially  the  same  as  during  dewatering  since 
the  total  vertical  and  horizontal  pressures  include 
the  water  pressure.  The  total  stress  horizontal 
pressure  is  K  times  the  total  vertical  pressure. 

Water  pressures  in  the  sands,  silts,  and  clays  increase 
linearly  with  depth  below  the  restored  groundwater 
level  as  shown  in  Figure  40  and  41.  The  sands  and 
silts  with  little  or  no  cohesion  were  found  to  be 
susceptible  to  piping  (para  66)  with  the  cohesionless 
sands  being  highly  susceptible,  under  water  pressures 
as  low  as  0.75  psi.  The  water  pressures  in  the  soils 
around  the  base  of  the  tunnel  would  be  equal  to  the 
effective  water  level  above  the  tunnel  at  elevation 
560  to  568  (as  a  minimum,  Figure  21)  less  the  water 
level  in  the  tunnel  at  approximately  elevation  550 
(for  a  water  depth  equal  to  about  one-fourth  the 
inside  diameter).  This  difference  in  elevation  would 
correspond  to  an  effective  head  of  water  of  10  to 
18  ft  or  4  to  8  psi.  For  soils  around  the  tunnel  but 
above  the  water  level  inside  the  tunnel,  the  water 
head  would  be  equal  to  the  difference  between  the  soil 
elevations  and  effective  water  level  elevations  (minimum 
of  about  8  ft  or  3  psi  at  the  springline).  These  water 
pressures  are  more  than  those  required  to  cause  piping. 
Consequently,  material  from  fine  sand  and  silty  sand 
and  silt  strata  supporting  the  sides  and/or  base  of 
the  tunnel  would  be  piped  into  the  tunnel  through 
leaking  joints.  The  supporting  strata  would  loosen 
from  loss  of  volume  and  a  gradual  loss  of  ground 
support  would  increase  with  time  at  the  base  and  sides 
of  the  tunnel.  Based  on  this  series  of  events,  the 
estimated  in  situ  total  stresses  and  soil  properties 
for  the  following  cases  were  provided  for  use  in  the 
structural  analyses: 

(1)  Full  overburden  pressure  (total  vertical  stress,  crv) 
acting  in  the  soil  above  the  tunnel  and  horizontal 
pressures  increasing  with  depth  in  the  soil  outside 
the  tunnel  of  0.7  to  0.8  times  the  vertical  pressure 
(K  times  a  ) •  These  pressures  would  simulate 
conditions  several  years  after  construction  when 
full  overburden  stresses  would  be  developed  over 
the  tunnel. 

(2)  Using  the  above  conditions,  reduce  the  support  at 
the  bottom  and  then  at  the  sides  of  the  tunnel 
simulating  piping  and  loss  of  support  from  pipeable 
strata  found  to  occur  along  the  tunnel  base  in  all 
areas  and  along  the  tunnel  sides  in  Distressed 
Areas  1,  2,  and  3. 
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Concrete  investigations 

72.  The  following  list  of  documents  was  used  in  preparing  and 
evaluating  the  information  and  data  contained  in  the  Concrete  Investi¬ 
gations  portion  of  this  report: 

<a.  "Tests  of  Cement,"  Pittsburgh  Testing  Laboratory  Report, 
Order  No.  71956,  Date:  October  19,  1971,  to  the  City  of 
Detroit  (Huron  Portland  Cement  Type  IA) . 

js.  "Test  Sample  Identification  Report,"  P.  0.  No.  D16667, 
Date:  September  15,  1971,  Detroit  Metropolitan  Water 
Service,  Engineering  Division  (Huron  Portland  Cement 
Type  IA) . 

c_.  "Physical  Portland  Cement  Test  Results,"  T.E.C.  Report 
No.  9275-8,  Date:  3  November  1970,  Testing  Engineers 
and  Consultants,  Inc.,  Detroit,  MI,  for  Detroit  Metro¬ 
politan  Water  Services  (Peerless  Type  I  Portland  Cement). 

ci.  "Mechanical  Analysis  Report,  Test  No.  168,  6A  Natural 
Aggregate,"  Metro  Water  Department-Detroit ,  Division  of 
Engineering,  Date:  15  July  1971. 

e_.  "Mechanical  Analysis  Report,  Test  No.  169,  2NS  Sand," 
Metro  Water  Department-Detroit,  Division  of  Engineering, 
Date:  15  July  1971. 

f_.  "Concrete  Test  Cylinder  Reports,"  Detroit  Metropolitan 
Water  Service,  DE  9187: 

Report  No.  Date 

614  25  April  72 

627  2  May  72 

632  3  May  72 

644  9  May  72 

659  16  May  72 

710  19  June  72 

720  27  June  72 

£.  "Inspector's  Report,"  City  of  Detroit,  Department  of 
Water  Supply,  Division  of  Engineering,  Form  D-144-BO-A 
for  the  period  15  April  1972  through  12  June  1972. 

h.  "Contract  Documents  for  Oakland-Macorab  Interceptor 

System,  Corridor  Interceptor  -  Section  III,  Division  2, 
Concrete,"  Detroit  Metropolitan  Water  Services,  Pollu¬ 
tion  Control  Program,  Contract  No.  PCI-7,  September  1969. 

_i.  Letter  from  Charles  Beckham,  Detroit  Water  and  Sewerage 
Department  to  Lawrence  Maloney,  Detroit  District,  Corps 
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of  Engineers,  Date:  20  June  1980,  regarding:  Sewer 
Tunnel  Failure  -  15  Mile  Road  and  Edison  Corridor, 

Sterling  Heights,  Michigan. 

j_.  Compilation  of  163  color  photographs  taken  between  May 
and  July  1980  of  the  entire  tunnel  from  Sta  110+00  to 
133+79. 

73.  Visual  observation 

a.  Visits  were  made  to  the  site  by  the  WES  team  on  12-29  May 
1980  and  19-20  June  1980.  The  first  visit  involved  a 
visual  inspection  of  the  tunnel,  photographic  documenta¬ 
tion,  loose  sample  collection,  tunnel  deformation  measure¬ 
ments,  drilled  core  location  selection,  and  the  starting 
of  the  concrete  drilling  operation.  The  second  visit  was 
to  ensure  that  all  concrete  sampling  was  satisfactorily 
completed  before  the  drilling  equipment  was  dismantled 
and  removed  from  the  tunnel.  Upon  entering  the  site, 
several  piles  of  large  concrete  blocks  and  debris  could 

be  seen  stored  to  the  side.  The  blocks  were  approxi¬ 
mately  1/2  cu  yd  in  size  and  mostly  irregular  in  shape. 
From  close  inspection  of  the  debris,  small  holes  had 
been  drilled  for  easier  removal  of  a  portion  of  the  tunnel 
concrete  down  to  the  springline  for  installation  of  the 
access  shaft.  The  holes  were  approximately  2  in.  in 
diameter  and  apparently  drilled  through  the  entire  blocks. 
Each  block  had  several  holes  spaced  5  or  6  in.  apart. 

b.  Entrance  into  the  Oakland  Macomb  Interceptor  Sewer  was  by 
a  4-ft-diam  manhole  about  50  ft  deep.  In  the  tunnel  the 
lighting  was  inadequate  and  visibility  was  poor.  Hand¬ 
held  flashlights  had  to  be  used  to  supplement  the  light¬ 
ing.  Inspection  of  the  invert  was  impossible  because  of 
the  sludge  remaining  in  the  sewer.  Interest  was  concen¬ 
trated  on  the  crown  and  two  springlines  until  the 
sludge  could  be  removed. 

£.  Distressed  Area  No.  3,  located  between  Stas  115+50  and 
111+25,  was  the  longest  damaged  area  of  three  distressed 
areas.  Area  No.  3  had  a  series  of  longitudinal  cracks 
along  the  crown,  almost  the  entire  length  of  the  break 
area.  The  width  of  the  longitudinal  cracks  was  1-1/2  in. 
at  the  widest  point  near  Sta  114+00.  These  longitudinal 
crown  cracks  appeared  to  be  fractured  the  entire  depth  of 
the  concrete,  with  most  cracks  running  perpendicular  to 
the  surface.  This  was  confirmed  as  a  steel  rod  was  slid 
into  the  crack  and  the  approximate  angle  was  noted. 

ci.  Branches  of  cracks  diverged  from  the  longitudinal  cracks 
down  to  the  springlines  where  they  joined  two  rows  of 
small  fractures  on  both  walls.  The  fractures  appeared 
similar  to  those  of  a  shear  failure,  where  the  fractures 
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were  short  and  angular  and  primarily  in  a  straight 
row . 

e^.  Following  the  final  clean-up  of  the  sludge  in  Distressed 
Area  No.  3,  the  invert  was  noted  to  have  several  longi¬ 
tudinal  cracks  along  much  of  the  break  area.  Along 
Sta  114+25,  the  longitudinal  crack  appeared  to  be  up¬ 
lifted  some  3  in.  This  looked  as  though  the  invert  was 
under  pressure,  finally  cracked,  and  lifted  up  on  one 
side.  Seepage  of  groundwater  was  occurring  through  the 
cracks  in  the  invert. 

_f.  With  construction  joints  located  every  105  ft,  the  cir¬ 
cumferential  cracks  that  existed  were  easily  distinguished 
from  the  normal  construction  joint.  These  circumferential 
cracks  looked  very  similar  to  the  construction  joints  in 
that  the  cracks  were  almost  perfectly  straight  and  smooth. 
Seepage  of  ground  water  could  be  seen  coming  in  through 
the  cracks  that  were  as  wide  as  3/4  in. 

£.  At  Sta  114+42  some  material  had  filled  a  void  near  the 
springline  in  the  concrete.  The  material  was  some  type 
of  silty  sand.  It  appeared  that  the  void  was  from  con¬ 
struction  and  that  the  sand  had  seeped  in  to  fill  the 
void.  With  much  of  the  material  removed,  the  void  was 
measured  to  a  depth  of  at  least  15  in. 

h.  Also  at  this  station  (Sta  114+42),  the  north  end  of  a 
105-ft  section  that  began  at  Sta  113+37,  the  invert 
from  the  5:00  o’clock  to  the  7:00  o'clock  position  had 
sunk  4-1/2  in.  Water  and  sludge  had  begun  to  pool  from 
the  seepage. 

_i.  Several  locations  in  Area  No.  3  had  small  cracks  and 
crevices  where  groundwater  was  springing  up  about 
1-1/2  in.  This  was  caused  from  the  water  table  being  up 
near  the  springline.  Water  pumps  were  on  continuously 
to  keep  the  water  in  the  tunnel  to  a  minimum. 

j_.  Moving  upstream  from  Area  No.  3  in  the  nondistressed  area, 
lines  representing  the  cold  joints  in  the  concrete  could 
easily  be  seen.  The  concrete  apparently  flowed  down¬ 
stream  or  south  as  it  was  being  placed  from  the  angle  of 
the  cold  joints.  The  WES  drill  crew  took  concrete  core 
samples  from  a  cold  joint  to  determine  whether  it  had  any 
detrimental  effects  on  the  concrete.  Also  at  this  sta¬ 
tion  (Sta  119+15),  another  core  was  taken  from  another 
cold  joint  that  exhibited  some  efflorescence.  Efflores¬ 
cence  is  a  deposit  of  salts,  usually  white,  formed  on  the 
surface  of  concrete.  For  efflorescence  to  occur,  water 
is  needed  to  carry  the  salts  contained  in  the  concrete  to 
the  surface  of  the  concrete,  either  by  vapor  transfer  or 
by  liquid  diffusion.  In  liquid  form,  appreciable 
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quantities  of  soluble  salts  are  deposited  at  or  near  the 
surface  of  the  concrete  when  the  water  evaporates.  If 
there  are  cracks  or  joints  present,  the  water  moves 
quickly  along  these  surfaces  carrying  the  salts  with  it. 
The  core  revealed  a  clay-like  sludge  just  under  the  sur¬ 
face  and  extending  back  several  inches  through  the  core. 
Then  the  sludge  appeared  to  extend  perhaps  the  entire 
thickness  of  the  concrete  wall. 

_k.  Of  the  three  distressed  areas,  Area  No.  2  was  the  only 
area  where  no  concrete  had  fallen  into  the  tunnel.  Area 
No.  2  was  highly  fractured  with  longitudinal  cracks  in 
the  crown  and  invert.  Cracks  at  an  angle  of  50  to  60  deg 
with  the  horizontal  were  all  along  the  springlines,  ex¬ 
tending  up  to  the  longitudinal  cracks  in  the  crown. 
Massive  pieces  of  concrete  appeared  to  just  dangle  in  the 
crown  and  springlines.  The  invert  had  a  few  locations 
where  the  concrete  sunk  an  inch  or  two.  In  a  couple  of 
circumferential  cracks,  efflorescence  and  water  appeared 
seeping  through  the  concrete. 

_1.  Distressed  Area  No.  1  was  the  most  damaged  area.  Here 
the  massive  pieces  of  concrete  along  with  the  steel  rib¬ 
bing  and  wood  lagging  had  collapsed  into  the  tunnel. 

Area  No.  1  had  concrete  that  was  actually  dangling  from 
the  crown.  For  safety  reasons  the  new  ribs  and  lags  were 
installed  in  this  area  first,  both  on  the  north  and  south 
ends  of  the  collapsed  area.  Concrete  in  Area  No.  1  ex¬ 
hibited  similar  cracks  as  those  in  the  previous  areas — 
longitudinal  cracks  in  the  crown  and  invert,  with  angular 
cracks  in  the  walls.  There  appeared  to  be  more  cracks 
running  in  other  directions  than  before.  The  concrete 
did  not  exhibit  any  efflorescent  deposit,  nor  was  ground 
water  seepage  visible.  The  concrete  in  Area  No.  1  had  no 
rebars  (or  no  rebars  that  were  visible).  The  concrete 
thickness  appeared  to  be  adequate  when  observed. 

m.  Figure  43  shows  a  typical  horizontal  cold  joint  accom¬ 
panied  by  slight  honeycombing.  This  type  of  condition 
was  prevalent  throughout  the  tunnel  except  that  most  cold 
joints  were  inclined  from  10  to  20  deg  from  the  horizon¬ 
tal.  Figure  44  shows  another  typical  cold  joint  but  with 
efflorescent  deposits  due  to  passage  of  liquid  through 
the  joint.  Figure  45  shows  a  large  inclusion  of  mud  that 
either  fell  into  the  concrete  during  casting  or  that  was 
extruded  into  a  honeycomb  void  in  the  concrete.  Table  17 
is  a  summary  of  the  concrete  data. 

Crack  patterns 

a.  Photographic  documentation  (163  photographs)  was  made  for 
the  entire  length  of  tunnel  in  question  (Sta  110+00  to 
113+79).  These  photographs  show  the  extent  of  cracking 
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at  Sta  llU+US ;  the  blob  in  the  center  > 
place  between  concrete  Lifts  i  :ri:.-' 
extruded  into  a  honeycomb 


that  existed  at  any  location  during  this  study.  In  order 
to  obtain  a  composite  view  of  the  cracks,  an  overlapping 
series  of  35-mm  photographs  were  taken  of  the  fractured 
surface  area  between  Stas  113+25  and  114+75.  This 
150-ft  section  approximates  Area  3.  The  photographs, 
which  were  taken  at  the  invert,  water  line,  springline, 
center  line,  and  crown  at  each  location,  were  put  to¬ 
gether  in  an  overlapping  manner  to  form  a  one-dimensional 
mosaic  of  the  tunnel.  Because  of  the  photographic  techni¬ 
que  used  to  make  the  photo  mosaic,  the  magnification  of 
pictures  near  the  invert  was  greater  than  that  of  the 
pictures  made  near  the  crown.  The  cracks  in  the  photo¬ 
graphs  were  then  sketched  on  paper  and  scaled  down  to  a 
more  manageable  size.  The  resulting  crack  pattern  for 
Area  3  is  shown  in  Figure  46.  Insufficient  photographs 
at  Areas  1  and  2  prevented  a  complete  mosaic  compilation 
in  those  areas,  but  the  patterns  are  similar  to  Area  3. 

The  perspective  in  viewing  Figure  46  is  that  the  round 
culvert  is  drawn  as  if  it  were  flat.  The  true  orienta¬ 
tion  of  the  cracks  can  be  obtained  by  rolling  a  copy  of 
Figure  46  into  a  tube  around  the  longitudinal  axis  of  the 
tunnel  and  placing  the  crown  or  invert  in  the  proper  loca¬ 
tion.  Figure  46  shows  all  forms  of  cracking,  i.e.,  longi¬ 
tudinal,  circumferential,  and  diagonal.  Evidence  of 
crushing  at  the  springline  also  can  be  seen.  The  water 
line  indicated  is  actually  the  water  mark  that  existed 
at  the  time  of  the  survey.  It  was  very  pronounced  due 
to  the  collection  of  solid  matter  left  on  the  wall. 

Jj.  Cracks  were  also  present  in  several  of  the  drilled  cores 
that  were  obtained  from  the  tunnel.  Figures  47,  48,  49, 
and  50  show  some  typical  cracks  in  cores. 

75 .  Nondestructive  measurements 

a_.  Nondestructive  measurements  were  obtained  from  the  col¬ 
lapsed  tunnel  using  a  testing  apparatus  called  the 
Schmidt  Concrete  Test  Hammer.  These  measurements  are 
used  to  estimate  concrete  strength.  The  Schmidt  Hammer 
is  a  calibrated  spring-operated  impact  device  that  is 
triggered  as  it  is  pressed  against  any  hardened  concrete 
surfaces.  As  the  plunger  impacts  against  the  concrete 
surface  and  rebounds  back  through  the  hammer,  the  spring 
measures  the  amount  of  impact  exerted  and  displays  a 
numerical  "Rebound  Number."  Empirically  the  correlation 
between  rebound  number  and  strength  of  the  concrete  has 
been  derived  from  a  great  number  of  hammer  tests. 

b^.  In  the  WES  evaluation  of  the  concrete,  compression  tests 
were  performed  on  several  cored  concrete  specimens  taken 
from  the  sewer  tunnel.  Prior  to  compression  tests,  the 
Schmidt  hammer  was  u  ‘d  on  all  the  specimens.  Rebound 
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Figure  47.  Six-in.  diameter  culvert  core  DET-4  COW-21  drilled 
over  a  crack  at  Sta  113+45  in  Distressed  Area  j 


numbers  were  taken  on  both  the  inside  sewer  surface  and 
on  the  ends  and  the  sides  of  twenty-four  6-  by  12-in. - 
long  cores.  The  results  of  the  compressive  tests  ranged 
from  4440  to  7870  psi.  The  actual  compressive  strengths 
and  the  accompanying  Schmidt  hammer  readings  are  shown 
in  Table  18. 

£.  In  obtaining  the  rebound  numbers  from  inside  the  sewer 
tunnel,  a  10-ft  ladder  or  a  special  platform  was  needed 
to  obtain  readings  taken  from  the  crown  and  the  two 
springlines.  The  curved  tunnel  surface  and  the  slippery 
greasy  sludge  on  the  concrete  surface  made  it  difficult 
to  reach  the  springlines  and  also  the  12-ft-9-in.  diam¬ 
eter  of  the  tunnel  made  it  difficult  to  test  the  concrete 
in  the  crown. 

jd.  Rebound  numbers  were  obtained  at  every  station  location 
that  was  involved  in  any  other  part  of  the  concrete  in¬ 
vestigation.  That  is,  when  the  core  drilling  crew  took 
a  concrete  sample  at  a  particular  station,  the  Schmidt 
hammer  was  used  to  obtain  rebound  numbers  from  the  crown, 
the  invert,  and  the  two  springlines.  Readings  were  also 
taken  at  all  diameter  change  measurement  stations.  Four 
hammer  readings  were  obtained  from  each  of  the  four  lo¬ 
cations  at  each  of  the  35  stations  evaluated  by  the  WES 
(Table  19). 

e.  Measurements  were  made  as  close  to  specified  locations 
as  possible.  Cracks,  irregular  surfaces,  large  coarse 
aggregates,  and  sludge  hindered  the  measuring  at  several 
locations.  In  Distressed  Area  1  the  ribbing  and  lagging 
were  being  installed  as  a  safety  precaution  and  as  part 
of  the  repair  work.  This  caused  most  of  the  measure¬ 
ments  at  these  particular  stations  to  be  taken  off- 
center  of  the  four  locations. 

_f .  The  Schmidt  hammer  is  designed  to  measure  concrete  that 
is  in  the  vertical  position  with  the  hammer  perpendicular 
to  the  surface  or  horizontal.  Any  deviations  from  the 
normal  position,  such  as  measurements  taken  from  the 
crown  and  the  invert,  had  to  be  corrected  for  inclination. 

j*.  Detroit  District  personnel  assisted  the  WES  in  obtaining 
the  Schmidt  hammer  readings  and  also  in  obtaining  a 
spare  Schmidt  hammer  when  the  one  from  the  WES  was 
inoperative . 

ji.  Rebound  numbers  obtained  ranged  from  a  low  of  16  in  the 
invert  to  a  high  of  48  in  the  crown.  The  rebound  numbers 
suggest  that  for  the  most  part  the  concrete  in  the  crown 
and  walls  is  fairly  similar  over  the  entire  length  of 
the  sewer  studied.  The  rebound  numbers  obtained  in  the 
invert  are  consistently  lower,  however,  suggesting  a 
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poorer  quality  of  concrete  in  this  location.  The 

strength  values  for 

invert  cores 

do  not  bear  this  out. 

however.  Upon  closer  examination  of  the  rebound  numbers 

taken  on  the  drilled 

cores  from 

the  invert,  the  follow- 

ing  trend  results: 

Rebound 

Number 

Station 

Core  End 

Core  Side 

132+50 

29 

37 

127+50 

38 

33 

117+25 

34 

39 

114+70 

30 

43 

113+45 

28 

34 

112+18.5 

31 

41 

With  one  exception  (Station  127+50) ,  the  rebound  numbers 
obtained  from  the  surface  that  had  been  in  contact  with 
the  sewage  are  consistently  lower  than  the  rebound  num¬ 
bers  obtained  from  the  portion  of  the  core  (center 
12  in.)  that  was  tested  for  compressive  strength.  As 
the  rebound  number  is  solely  a  measure  of  surface  hard¬ 
ness,  this  suggests  that  there  apparently  was  a  soften¬ 
ing  or  deterioration  of  the  surface  of  the  concrete  in 
the  invert  but  that  once  past  the  surface  the  concrete 
was  similar  to  all  the  remaining  concrete  in  the  portion 
of  the  sewer  studied. 

_i.  In  summary,  the  Schmidt  hammer  rebound  numbers  indicate 
that  the  quality  of  concrete  between  Stas  133+50  and 
111+00  is  fairly  uniform.  No  significant  deviations 
were  observed. 

76 .  Drilled  core  program 

a.  The  objective  of  the  drilled  core  program  was  to  obtain 
representative  samples  cf  the  concrete  from  all  three 
break  areas  plus  some  cores  from  nondistressed  areas 
and  areas  of  special  significance.  In  the  break  areas 
and  nondistressed  areas,  cores  were  obtained  from  the 
crown,  invert,  and  springline  at  each  location.  In 
general,  care  was  taken  not  to  include  any  visible 
cracks  in  the  cores  unless  specifically  desired.  All 
cores  were  6  in.  in  diameter.  A  total  of  32  cores  was 
obtained  from  the  following  locations: 


Station  No. 

No .  of 
Cores  Taken 

Locations  and/or 
Purpose  Represented 

133+13 

3 

One  each  crown,  invert, 
springline.  Location  north 
of  break  area  1.  Minimally 
distressed . 
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Station  No. 
132+50 

131+84 

(approx) 

131+60 

(approx) 

127+50 

119+15 

118+35) 

117+70) 

117+25 

115+47 

114+70 

113+45 


No .  of 
Cores  Taken 

3 

2 


2 


3 


2 


2 


3 

1 

4 


4 


Locations  and/or 
_ Purpose  Represented _ 

One  each  crown,  invert, 
springline.  Location  just 
at  beginning  of  break  area  1. 

Two  cores  from  a  chunk  of 
crown  concrete  excavated 
from  that  location  in  break 
area  1. 

Two  cores  from  a  chunk  of 
crown  concrete  excavated 
from  that  location  in 
break  area  1. 

One  each  crown,  invert, 
springline.  Location  ap¬ 
proximately  center  of 
break  area  2. 

Two  cores.  One  drilled 
through  an  efflorescing 
cold  joint;  the  other 
through  a  nonefflorescing 
cold  joint. 

One  core  at  each  location 
but  representing  both  ends 
of  the  same  concrete 
placement . 

One  each  crown,  invert,  and 
springline  in  a  non- 
distressed  area. 

One  core  taken  through  the 
construction  joint. 

One  each  at  crown  and 
springline.  Initial  core  in 
invert  contained  a  large 
crack  and  was  redrilled  next 
to  the  crack.  Location  ap¬ 
proximately  at  north  end  of 
break  area  3. 

One  each  at  crown  and  in¬ 
vert.  Initial  springline 
core  was  badly  fractured  and 
an  additional  core  was 
drilled.  Location  approxi¬ 
mately  at  center  of  break 
area  3. 
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No.  of 

Station  No.  Cores  Taken 


One  each  at  crown,  invert, 
and  springline.  Location 
approximately  at  south  end 
of  break  area  3. 

t).  All  cores  were  drilled  on  the  site  except  those  from 

Sta  131+84  which  were  drilled  at  WES  from  a  large  piece 
of  the  crown  concrete.  The  cores  were  crated  and 
shipped  to  WES  for  evaluation. 

77.  Concrete  thickness  determinations 

_a.  The  requirements  of  the  job  called  for  a  16-in.  liner 
thickness.  The  Detroit  Water  and  Sewerage  Department 
policy  used  on  Contract  PCI-7  allowed  variations  in 
thickness  in  those  mined  areas  where  it  was  considered 
impractical  to  remine  to  achieve  required  wall  thick¬ 
ness  and  maintain  plan  alignment.  In  those  cases  a 
reduction  in  concrete  wall  thickness  of  up  to  a  maxi¬ 
mum  of  25  percent  was  allowed  providing  the  reduced 
concrete  sections  were  reinforced  with  circumferential 
steel  (#6  or  #7  bars  @  6-in.  centers)  with  longitudinal 
tie  bars  (#4  or  #5  bars  @  12-in.  centers).  The  rein¬ 
forcing  was  to  be  placed  such  that  it  was  embedded  in 
the  concrete  at  the  inside  face  at  the  crown  and  invert 
and  on  the  outside  face  at  the  springline.  Verifica¬ 
tion  of  the  concrete  thickness  was  obtained  by  drilling 
both  air  hammer  holes  and  cores  out  of  the  liner  at 
selected  locations.  The  concrete  thicknesses  measured 
in  air  hammer  holes  are  shown  in  Table  11.  The  measure¬ 
ments  made  in  drilled  core  holes  are  shown  in  Table  20. 

_b.  The  holes  produced  by  the  air  hammer  extended  through 

the  concrete  and  lagging  into  the  surrounding  soil.  The 
thickness  of  the  concrete  was  measured  with  a  tape 
measure.  No  concrete  was  recovered  from  these  holes. 

The  thicknesses  reported  in  Table  11  are  only  approxi¬ 
mate  as  it  was  not  always  possible  to  drill  perpendicu¬ 
lar  to  the  inside  concrete  surface.  Variations  from  the 
perpendicular  of  15  deg  (which  is  probably  the  worst 
case)  will  only  cause  the  measurements  made  to  be  1/2 
to  3/4  in.  too  long  for  the  thicknesses  of  concrete 
involved.  Attempts  were  made,  however,  to  keep  the  air 
hammer  as  perpendicular  to  the  inside  surface  as  possible. 

£.  The  drilling  of  the  6-in.  concrete  cores  only  extended 

to  the  lagging.  The  depth  of  the  hole  was  again  measured 
with  a  tape  measure.  As  considerable  care  was  used  in 
aligning  the  drilling  machine,  the  direction  of  drilling 
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was  as  close  to  perpendicular  as  possible,  thus  produc¬ 
ing  fairly  representative  concrete  thickness 
determinations . 

ci.  Of  the  63  air  hammer  hole  measurements  and  t lie  25  drilled 
core  hole  measurements,  only  four  locations  (six  measure¬ 
ments)  gave  an  indication  of  having  less  than  16-in. 
(approximate)  thickness.  These  were: 


Method 

Location 

Concrete 

of 

Tunnel 

Clock  hr 

Thickness 

Station 

Drilling 

Side 

North 

ft 

133+13 

DC 

Invert 

6:00 

1.2 

133+13 

DC 

E.  Wall 

3:00 

CM 

132+50 

AH 

E.  Wall 

4:00 

1.25 

132+50 

AH 

W.  Wall 

8:00 

1.25 

117+25 

DC 

Crown 

12:00 

1.1 

113+45 

DC 

Crown 

12:00 

1.15 

The  core  recovered  at  Sta  117+25  in  the  crown  did  con¬ 
tain  reinforcing  steel.  No  steel  was  observed  in  the 
other  three  drilled  cores.  The  Inspector's  Reports 
indicate  that  reinforcing  steel  was  placed  in  the  invert 
of  the  placement  between  Stas  133+32  to  132+27  and  in 
the  crown  between  Sta  117+57  to  116+52.  The  exact  loca¬ 
tion  of  the  steel  with  regard  to  station  numbers  is  not 
clear  from  the  reports,  but  the  reports  suggest  that  the 
locations  did  not  include  the  entire  length  of  the  place¬ 
ment.  No  steel  was  included  in  the  placement  which  con¬ 
tained  Sta  113+45.  The  air  hammer  drilling  did  not  per¬ 
mit  material  recovery,  hence  it  was  not  possible  to  tell 
if  reinforcing  was  present  in  these  locations. 

78.  Physical  tests.  The  concrete  was  evaluated  for  compressive 
strength,  modulus  of  elasticity,  and  Poisson's  ratio,  as  well  as  being 
examined  petrographically  to  determine  its  constituents  and  any  problems 
they  may  be  experiencing.  Each  drilled  core  was  examined  and  marked 
for  cutting  into  a  2  to  1  length-to-diameter  ratio  to  be  used  in  the 
compressive  strength  test.  After  cutting,  the  ends  of  the  cores  were 
used  for  the  petrographic  examination.  Not  all  cores  were  suitable  for 
physical  testing  because  of  the  cracks  or  other  inclusions  (waterstops) 
they  contained.  Only  24  of  the  32  cores  were  tested  in  compression, 
but  all  were  examined  petrographically  and  all  had  Schmidt  hammer  read¬ 
ings  taken  on  them.  A  summary  of  the  compressive  strength,  modulus  of 
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elasticity  and  Poisson's  ratio  results  are  shown  in  Table  21. 

a.  Compressive  strength.  Compressive  strength  tests  for 
cores  were  done  in  accordance  with  CRD-C27  (ASTM  C42), 
"Standard  Method  of  Obtaining  and  Testing  Drilled  Cores 
and  Sawed  Beams  of  Concrete."  The  core  strength  ranged 
from  4440  psi  to  7870  psi  with  an  average  strength  of 
6600  psi  for  24  cores.  The  drilled  core  concrete  was 
approximately  8  years  old  when  tested.  A  more  meaning¬ 
ful  presentation  of  the  strength  data  is  as  follows: 


105-ft  Placement 
Station  Nos. 

No.  of 
Drilled 
Cores 

Average 
Core  Comp. 
Strength 
psi 

Single,  As-Cast 
Cylinder 
Strength  (age) 
psi  (days) 

133+32 

- 

132+27 

3 

7150 

3450 

(14) 

132+27 

- 

131+22 

4 

7690 

3150 

(7) 

128+07 

- 

127+02 

3 

7400 

4000 

(7) 

119+67 

- 

118+62 

1 

7060 

3640 

(7) 

118+62 

- 

117+57 

2 

6310 

3450 

(7) 

117+57 

- 

116+52 

3 

6590 

3890 

(13) 

115+47 

- 

114+42 

3 

5330 

3060 

(7) 

114+42 

- 

113+37 

2 

6570 

2920 

(7) 

112+32 

- 

111+27 

2 

5875 

3420 

(7) 

Increases  in  strength  with  time  were  approximately  2300 
to  4500  psi  which  is  consistent  with  the  expected 
strength  given  behavior  of  concrete  cured  in  an  es¬ 
sentially  100  percent  relative  humidity  environment  such 
as  the  submerged  sewer  provided. 

Ja.  Modulus  of  elasticity  and  Poisson’s  ratio 

(1)  The  chord  modulus  of  elasticity  and  Poisson's  ratio  under 
longitudinal  compressive  stress  were  determined  for 
selected  concrete  cores  in  accordance  with  CRD-C19 
(ASTM  C469) ,  "Standard  Method  of  Test  for  Static  Modulus 
of  Elasticity  and  Poisson's  Ratio  of  Concrete  in  Com¬ 
pression."  The  longitudinal  and  transverse  strains  on 
each  core  were  determined  using  two  sets  of  two  each 
4-in. -long  electrical  resistance  strain  gages  bonded  to 
the  core.  Load  was  applied  at  a  constant  rate  using 

a  440  kip  Universal  testing  machine.  All  cores  were 
tested  to  failure.  The  results  are  shown  in  Table  21. 
These  results  were  not  meant  to  be  indicators  of  con¬ 
crete  quality,  but  were  needed  in  the  structural  analysis 
of  the  liner. 

(2)  The  average  modulus  of  elasticity  for  the  15  cores  that 
were  evaluated  for  this  property  was  4.97  x  10^  psi. 

The  range  was  from  4.05  x  10^  psi  to  6.50  x  10^  psi. 
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The  average  Poisson's  ratio  was  0.20  with  a  range  of 
0.15  to  0.29.  Both  the  modulus  and  Poisson's  ratio 
average  values  are  reasonable  for  concrete  of  this  age 
and  strength. 

£.  Petrographic  examination.  The  ends  or  pieces  of  the 
following  cores  were  sawed  along  their  longitudinal 
axis : 


Tunnel  Clock  hr 


Station 

Side 

North 

Break  Area 

133+13 

Invert 

6:00 

1 

119+15 

E.  Wall 

2:00 

Nondistressed 

117+25 

E.  Wall 

3:00 

Nondistressed 

112+20 

Crown 

12:00 

3 

One  sawed  surface  from  each  of  these  cores  was  ground 
smooth  and  then  examined  with  a  stereomicroscope .  The 
stereomicroscope  was  also  used  to  examine  the  old  and/or 
fresh  fracture  surfaces  on  the  other  cores  as  well  as 
the  sawed  surface  on  the  end  pieces  of  each  core. 

Powder  samples  of  various  pieces  of  core  were  also  pre¬ 
pared  for  use  in  X-ray  diffraction  analysis. 

_d.  Concrete  (general) 

(1)  The  examination  indicated  that  the  concrete  was  not  air- 
entrained.  The  test  report  on  cement  for  this  job  dated 
19  October  1971  indicates  that  Huron  Portland  Cement 
Type  IA  was  being  considered  for  use.  As  Type  IA  is  an 
air-entraining  cement,  the  cement  in  question  either  did 
not  perform  satisfactorily  in  this  regard  or  was  not 

the  Type  IA  represented  by  the  test  report.  Only  Type  I 
was  specified,  however.  In  either  case,  it  should  have 
no  bearing  on  the  problem  at  hand.  There  was  no  evidence 
of  any  chemical  attack  such  as  caused  by  sulfates  or  acid 
common  to  sewers. 

(2)  The  concrete  cores,  with  few  exceptions,  appeared  to  be 
well  consolidated,  homogeneous,  and  in  good  condition. 

The  sawed  and  ground  surfaces  of  cores  from  Stas  117+25 
and  119+15  (nondistressed  areas)  shown  in  Figures  51  and 
52,  and  Sta  133+13  (break  area  1)  shown  in  Figure  53 
illustrate  the  appearance  of  the  concrete.  Visually, 
there  is  no  significant  difference  in  the  appearance  of 
the  concrete  in  cores  from  either  the  distressed  or  non¬ 
distressed  areas  of  the  liner.  One  notable  exception 
occurred  in  a  piece  of  concrete  recovered  on  22  August 
1980  by  the  Detroit  District  personnel  during  the 
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ground  surface  of  piece  of  6-in.-diam  culvert  wall 
CON-10,  Sta  117+25 ,  a  nondistressed  area 


cleanout  of  the  collapsed  material  from  Distressed 
Area  No.  1.  The  concrete  came  from  the  topmost  quarter 
at  Sta  131+48  and  contained  seams  of  a  soil-like 
material.  The  seams  began  at  the  inside  surface  of  the 
concrete  forming  an  arc  back  into  the  concrete  and  then 
reappeared  on  the  inside  surface  some  distance  away  from 
their  origin.  The  maximum  depth  of  arc  into  the  concrete 
was  5  to  10  in.  Three  seams  of  1/4-in.  thickness  paral¬ 
lel  each  oti er  approximately  1/2  in.  apart.  Aggregate 
was  not  visible  near  the  seams.  The  concrete  adjoining 
the  seams  appeared  to  have  an  excessive  amount  of  air 
voids  in  it.  A  microscopic  examination  of  the  air  void 
system  showed  that  the  voids  were  due  to  a  lack  of  con¬ 
solidation  and  that  inadequate  paste-aggregate  contact 
resulted.  The  seam  material  was  found  to  be  sediment 
consisting  of  several  nonclay  minerals  and  minor  clay 
minerals . 

£.  Aggregate .  The  examination  also  indicated  that  the 

coarse  aggregate  was  3/4 -in.  maximum  size  natural  gravel 
made  up  of  sedimentary,  igneous,  and  to  a  lesser  extent 
metamorphic  rocks.  The  sedimentary  rocks  were  primarily 
limestone  and  chert.  The  fine  aggregate  rocks  were  of 
the  same  composition  as  the  coarse  aggregate.  There  was 
no  evidence  of  any  deleterious  chemical  reactions  be¬ 
tween  the  aggregate  and  other  constituents  such  as 
alkali-silica  reaction.  Some  of  the  carbonate  rock 
particles  contained  rims  (Figures  52  and  53),  but  these 
were  probably  due  to  weathering  before  they  were  in¬ 
corporated  into  the  concrete  as  aggregate. 

f_.  Cement 

(1)  Cement  paste  concentrates  were  prepared  from  the  follow¬ 
ing  cores: 


Station 

Tunnel 

Side 

Clock  hr 
North 

Break  Area 

132+50 

Crown 

12:00 

1 

132+50 

Invert 

6:00 

1 

119+15 

E.  Wall 

2:00 

Nondistressed 

117+25 

Invert 

6:00 

Nondistressed 

112+20 

Crown 

12:00 

3 

112+18.5 

Invert 

6:00 

3 

The  paste  was  concentrated  by  gentle  crushing  of  the 
concrete  and  then  passing  the  fragments  over  a  150-mm 
(No.  100)  sieve  and  then  a  45-mm  (No.  325)  sieve.  The 
material  passing  the  45-mm  sieve  was  then  packed  in  an 
appropriate  slide  mount  and  examined  by  X-ray  diffraction, 

i 

.1 
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using  nickel-filtered  copper  radiation. 

(2)  Comparison  of  the  X-ray  diffraction  patterns  of  the  paste 
concentrate  from  each  core  showed  that  all  six  samples 
contained  the  same  crystalline  paste  constituents;  i.e., 
tetracalcium  aluminate  carbonate-I I-hydrate  (monocarbo- 
aluminate),  calcium  hydroxide,  and  ettringite.  These 
are  all  normal  paste  constituents.  The  calcium  silicate 
hydrate  which  is  the  amorphous  "glue"  that  binds  the 
constituents  together  was  present  in  all  samples,  but  is 
not  readily  detected  by  X-ray  diffraction. 

(3)  Some  contaminat ion  of  the  cement  paste  concentrate  by  ag¬ 
gregate  substances  was  also  present  in  the  diffraction 
patterns.  This  included  quartz,  calcite,  dolomite,  and 
plagioclase  feldspar.  Amphibole,  potassium  feldspar,  and 
kaolinite  were  also  present. 

(4)  Since  all  of  the  paste  examined  was  similar  and  normal  in 
composition,  and  represented  both  concrete  from  distressed 
and  nondist ressed  locations,  it  can  be  reasonably  con¬ 
cluded  that  paste  composition  was  not  a  significant  fac¬ 
tor  in  the  cause  of  the  problem. 

Waterstop 

(1)  The  Detailed  Specifications,  Section  2. II. 9  Waterstop , 
allow  the  waterstop  to  be  either  metal  (with  coating)  , 
rubber  or  vinyl.  Section  2. III. 8c  also  requires  that  a 
waterstop,  in  addition  to  the  joint  coatings,  shall  be 
placed  in  each  construction  joint,  where  called  for  on 
the  drawing,  to  produce  water  tightness.  The  Inspector's 
Reports  indicate  that,  for  the  area  of  interest,  water- 
stops  were  installed  in  construction  joints  at  the 
following  locations: 


Station  111+27 
Station  112+32 
Station  113+37 
Station  114+42 


Station  115+47 
Station  116+52 
Station  117+57 
Station  118+62 


Using  an  electric  drill  and  geologist  hammer,  the  WES 
drill  crew  verified  the  waterstop  presence  bv  exposing 
it  at  Stas  111+27,  112+32,  113+33,  and  114+42.  A  drilled 
concrete  core  at  Sta  115+47  intersected  the  waterstop  at 
that  location  and  was  included  in  the  recovered  core 
(Figure  54).  No  attempt  was  made  to  verify  the  water- 
stop  at  Stas  116+52,  117_57,  and  118+62  as  those  loca¬ 
tions  were  not  exihibiting  any  apparent  distress. 

(2)  The  waterstop  recovered  from  Sta  115+47  was  a  6-in.  cor¬ 
rugated  (center  bulb)  polyvinyl  chloride  (PVC)  made  by 
Vinylex  in  Knoxville,  Tenn.  The  piece  was  evaluated  for 
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Figure  54.  Six-in.  diameter  culvert  wall  core  DET-4  CON-24  drilled  at 
Sta  115+45;  core  was  drilled  through  a  plastic  waterstop  at  a 
construction  joint;  note  wood  block  at  end  of  core 
(outer  culvert  surface)  and  color  change  of 
concrete  at  construction  joint;  this 
core  was  in  Distressed  Area  3 
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tensile  strength  and  elongation  in  accordance  with 
ASTM  D412-68  (CRD-C573-74) ,  "Standard  Method  of  Tension 
Testing  of  Vulcanized  Rubber,"  and  CRD-C572-74,  "Corps 
of  Engineers  Sped f icat ions  for  Polyvinylchloride 
Waterstop,"  with  the  following  results: 


Specimen 

_ Test _  No . 

Tensile  strength  1 

psi  (CRD-C573)  2 

3 

4 

5 


Requirement 

Not  less  than 
1750  psi 


Average 


Results 

Obtained 

2185  psi 
2350  psi 
2295  psi 
2175  psi 
2285  psi 

2285  psi 


Ultimate  1 

Elongation,  %  2 

(CRD-C573)  3 

4 

5 


Not  less  than  330  % 

300  %  320  % 

340  % 
310  % 
330  % 

Average  330  % 


This  piece  of  waterstop  appears  to  still  have  satis¬ 
factory  material  properties  after  8  years  in  service. 

(3)  The  waterstop  location  verification  procedures  could  not 
give  any  indication  of  whether  or  not  the  waterstop  had 
been  properly  installed  and  was  functioning  properly. 

The  recovered  piece  was  also  not  much  help  in  this  re¬ 
gard.  The  waterstops  observed  did  appear  to  be  in  the 
proper  location  in  the  concrete  and  had  the  proper  amount 
of  embedment.  Both  of  these  factors  are  not  indicators 
of  watertightness,  however. 

d  Other  materials 

(1)  Samples  of  sediment  which  were  found  in  the  concrete  and 
as  coatings  on  fractured  surfaces  were  ground  and  ex¬ 
amined  by  X-ray  diffraction.  Some  samples  were  also  heat 
treated. 

(2)  Small  samples  of  sediment  from  a  void  in  the  concrete  at 
Sta  114+42  (Figure  45)  and  from  the  invert  floor  of  the 
tunnel  at  Sta  120+71  were  weighed  and  then  heated  at 
110  deg  C  for  one  hour  to  remove  free  moisture.  The 
samples  were  then  weighed  repeatedly  until  they  reached 
a  constant  weight.  They  were  then  heated  at  375  deg  C 
for  16  hours  and  a  final  weight  obtained.  The  weight 
differences  were  used  to  determine  how  much  organic 
material  was  in  them.  Both  samples  were  essentially  free 
of  organic  matter,  thus  indicating  they  were  not  an 
accumulation  of  sewage. 
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(3)  Portions  of  the  samples  noted  in  the  previous  paragraph 
along  with  material  from  a  sediment  inclusion  in  a  core 
from  Sta  119+15  (Figure  55)  and  sediment  coatings  on 
crack  surfaces  contained  in  the  core  from  Sta  113+45 
(Figures  47-48)  were  examined  by  X-ray  diffraction. 

They  all  contained  chlorite  and  clay-mica,*  plagioclase 
feldspar,  quartz,  dolomite,  and  calcite.  There  were 
traces  of  vermiculite  and  kaolinite.  The  samples  from 
Stas  114+40  and  120+71  also  contained  a  little  potassium 
feldspar,  amphibole,  and  magnetite.  The  sample  from 
Sta  114+40  contained  a  trace  of  gypsum.  In  general,  all 
four  samples  were  similar  in  composition  and  can  be 
considered  as  a  soil.  Some  of  this  soil  had  been  in¬ 
cluded  in  the  concrete  during  construction  (Figures  54- 
55)  and  some  had  entered  through  cracks  in  the  concrete 
(Figures  47-48). 

(4)  A  sample  of  a  stalactite  from  the  crown  of  the  tunnel 
between  Stas  114+25  and  114+50  was  ground  and  examined 
by  X-ray  diffraction.  It  was  found  to  be  composed  of 
calcite  plus  a  little  clay  and  possibly  some  quartz. 

The  occurrence  and  composition  of  the  stalactite  were  not 
considered  significant  other  than  its  presence  demon¬ 
strated  that  water  had  passed  through  the  concrete  at 
that  point.  This  passage  of  water  had  also  been  indi¬ 
cated  by  deposits  or  accumulations  on  the  tunnel  walls 
(efflorescence  and  rust  stains)  and  by  accumulations 
of  soil  in  open  cracks  in  other  locations  in  the  tunnel. 

79.  Diameter  change  measurements 

a.  The  physical  shape  of  the  sewer  tunnel  was  another  phase 
of  the  investigation  into  the  collapse  of  the  tunnel. 

From  the  visual  observations  of  the  tunnel,  it  was  noted 
that  the  tunnel  was  no  longer  circular  but  was  elliptical 
in  shape,  particularly  in  the  distressed  areas.  Devia¬ 
tions  in  the  diameters  of  the  cross  sections  from  the 
nominal  12  ft  9  in.  would  give  an  indication  of  the 
magnitude  of  distortion. 

]j.  A  device  to  measure  the  inside  diameters  of  the  tunnel 
was  designed  and  fabricated  by  Detroit  District.  This 
device  consisted  of  a  surveyor's  leveling  rod,  a  circu¬ 
lar  protractor,  a  measuring  arm,  and  a  pointer.  The  in¬ 
strument  was  constructed  around  a  central  element,  the 
surveyor's  leveling  rod  which  served  as  the  stationary 
pivotal  point.  When  the  rod  was  extended  from  tunnel 
side  to  tunnel  side  and  tightened,  the  pivot  point  was 
fixed.  The  protractor,  graduated  from  0  deg  to  360  deg 
in  22.5-deg  increments,  was  centered  at  the  pivot  point 


*  Clay-sized  mica  or  illite  clay  or  both. 
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and  zeroed  witti  a  surveyor's  plumb  bob.  It  was  at  these 
16  angles  that  diameter  measurements  were  taken  for  each 
station.  The  measuring  arm  consisted  of  a  metal  sleeve 
of  fixed  length  of  5.66  ft  and  a  3-ft  rod  calibrated  and 
marked  at  0.01-ft  increments.  A  pointer  was  attached  to 
locate  each  angle.  The  entire  instrument  when  in  posi¬ 
tion  rested  on  the  shelf  of  a  6-ft  stepladder. 

c.  Diameter  measurements  were  taken  at  several  critical 

stations  along  the  entire  tunnel,  both  in  distressed  and 
nondistressed  areas.  This  was  accomplished  by  position¬ 
ing  the  ladder  so  that  the  edge  of  the  shelf  was  at  a 
particular  station.  The  instrument  was  placed  on  the 
shelf  and  extended  until  both  ends  of  the  leveling  rod 
were  flush  against  the  tunnel  wall,  then  tightened.  The 
protractor  was  positioned  with  the  180-deg  angle  toward 
the  invert,  the  270-deg  angle  to  the  west,  the  O-deg 
angle  toward  the  crown,  and  the  90-deg  angle  to  the  east. 

Any  deviations  from  this  position  was  noted  and  later 
corrected  to  the  standard  position.  A  plumb  bob  was  used 
to  zero  the  protractor  with  respect  to  the  vertical. 

<3.  The  5.66-ft  sleeve  of  the  measuring  arm  slid  up  and  down 
along  the  calibrated  3-ft  rod  giving  a  maximum  reading 
of  8.66  ft  with  a  minimum  reading  of  5.66  ft.  Readings 
were  made  by  sliding  the  sleeve  out  until  it  was  flush 
with  the  tunnel  wall  and  recording  the  length  of  exten¬ 
sion  of  the  sleeve.  The  length  of  the  extension  plus 
the  5.66-ft  sleeve  equaled  the  distance  from  the  fixed 
point  to  the  tunnel  wall.  With  the  16  measurements,  the 
shape  of  the  cross  section  of  the  tunnel  was  established 
at  each  station. 

e.  Two  stations  in  Distressed  Area  No.  1,  where  severe  cracking 
had  occurred  and  where  repairs  had  proceeded  with  place¬ 
ment  of  the  ribbing  and  wooden  lags,  were  measured  using 
a  shorter  sleeve,  3.84  ft  long,  for  accessibility  over 
the  ribs  and  lags  that  were  being  installed.  With  the 
shorter  sleeve,  several  readings  were  made  using  the 
3-ft  rod  and  a  cloth  measuring  tape  to  compensate  for 
the  shorter  length. 

f_.  The  shape  of  the  tunnel  was  graphically  expressed  by 

plotting  the  fixed  point  and  each  of  the  16  measurements 
at  their  respective  angles.  Constructing  lines  connect¬ 
ing  two  points  with  the  center  point  conveys  the  actual 
diameter  of  the  tunnel.  Any  difference  from  the  nominal 
12-ft-9-in.  diameter  indicates  the  magnitude  of  the 
distortion.  The  results  are  shown  in  Appendix  F. 

£.  The  analysis  of  the  diameter  change  measurement  will  be 
discussed  further  under  the  section  Structural  Analysis. 
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Summary  of  concrete  investigations 

80.  The  results  of  the  concrete  investigations  are  summarized  as 
follows : 

a^  The  coarse  aggregate  was  a  3/4-in.  maximum  size  gravel 
composed  of  sedimentary,  igneous,  and  metamorphic  rocks. 
The  fine  aggregate  was  composed  of  the  same  material. 
There  was  no  indications  that  the  aggregate  was  a  con¬ 
tributing  factor  to  the  problem. 

_b.  The  cement  paste  was  normal  in  composition  and  similar 
in  all  areas  examined.  The  cement  paste  should  not 
have  been  a  significant  factor  in  the  cause  of  the 
problem. 

c^.  The  concrete  was  generally  homogeneous  and  its  quality 
was  similar  whether  it  came  from  distressed  or  non- 
distressed  locations.  Exceptions  were  the  presence  of 
continuous  cold  joints  along  both  sides  of  the  sewer. 

In  these  locations  honeycombing,  mud  contamination,  and 
seepage  occurred.  The  concrete  did  not  appear  to  be 
air  entrained. 

<i.  There  was  no  evidence  of  any  chemical  attack  on  the 
concrete  although  rebound  measurements  on  the  sewer 
floor  suggest  a  slight  degradation  of  the  surface  skin 
of  the  concrete  due  to  prolonged  contact  with  the  flow¬ 
ing  sewage. 

£.  Cracks  were  present  in  the  concrete,  especially  in  the 
distressed  areas.  The  presence  of  sediment  coatings  on 
some  of  the  cracks  indicates  that  the  cracks  were  pre¬ 
existing  before  the  concrete  cores  were  taken.  It  is 
impossible  to  tell,  however,  the  age  of  the  cracks. 
Efflorescence  around  the  cracks  and  in  the  form  of 
stalactites  was  composed  of  calcium  carbonate  and  in¬ 
dicated  that  water  and,  in  some  cases,  soil  had  been 
leaking  through  the  cracks. 

_f.  Most  of  the  joints  in  the  concrete  appeared  to  be  intact 
although  leaking.  Those  leaking  joints  generally  did 
not  contain  waterstops.  The  sediment  associated  with 
the  leakage  appears  to  be  soil  from  outside  the  sewer. 
Some  joints  did  contain  waterstops.  A  recovered  piece 
of  waterstop  indicated  that  the  desired  physical  charac¬ 
teristics  of  the  waterstop  were  still  functional. 
Mechanics  of  the  structural  failure 

81.  In  this  portion  of  the  report,  the  mechanics  of  the  struc¬ 
tural  failure  of  the  sewer  tunnel  are  discussed.  This  discussion  be¬ 
gins  with  a  description  of  the  bypassed  section  of  the  interceptor 
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following  its  failure.  Then,  the  loading  assumed  in  the  design  of  this 
structure  is  reviewed.  Next,  the  resistance  against  this  and  other 
loadings  implicitly  required  by  the  contract  specifications  are  con¬ 
sidered.  Subsequently,  based  on  the  previously  described  results  of 
the  investigation  of  concrete  material  properties  within  the  failed 
tunnel,  the  structural  resistance  available  in  the  sewer  tunnel  is 
analyzed.  Finally,  using  the  previously  discussed  results  of  the 
geotechnical  investigation  of  soil  properties  surrounding  the  sewer, 
the  loadings  imposed  on  this  structure  are  investigated. 

Description  of  structural  failure 

82.  Figures  56  through  59  are  photographs  of  a  nondistressed 
and  the  three  distressed  areas  of  the  tunnel  which  were  taken  in  May 
1980.  In  contrast  to  the  nondistressed  areas,  the  distressed  areas 
are  characterized  by  cracks  and  spalls  running  generally  along  the 
longitudinal  direction  of  the  tunnel  for  large  distances  compared  with 
the  diameter  of  the  tunnel.  Although  some  deviations  from  this  pattern 
occur  at  circumferential  construction  joints  and  at  the  transition 
between  distressed  and  nondistressed  regions,  these  photographs  suggest 
that  the  essential  features  of  this  structural  failure  should  be  ex¬ 
plained  by  considering  a  representative  transverse  plane  cross  section 
of  the  tunnel  perpendicular  to  its  longitudinal  axis.  The  photographs 
also  show  the  cracking  to  occur  mainly  near  the  crown  or  the  invert 

of  the  tunnel  and  the  spalling  to  occur  generally  near  the  springline. 

83.  The  deformation  of  the  sewer  tunnel  along  its  length  follow¬ 
ing  its  failure  is  depicted  in  Figure  60.  The  figure  shows  the  dif¬ 
ference  between  the  structure's  nominal  12-ft-9-in.  inner  diameter 

and  the  crown-invert  diameter  as  a  fraction  of  the  nominal  diameter. 

The  points  indicated  by  asterisks  in  this  figure  are  based  on  a  survey 
of  crown  and  invert  elevations  performed  for  the  Detroit  Water  and 
Sewage  Department  by  the  firm  of  Hubbell,  Roth,  and  Clark  in  May  1980. 
It  is  notable  that  the  crown-invert  diameter  was  compressed  to  a  value 
as  much  as  8  percent  less  than  the  nominal  diameter  in  the  distressed 
areas  of  the  bypassed  section.  The  consistent  2  percent  compression 
of  the  crown-invert  diameter  in  the  nondistressed  areas  is  probably 
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Figure  60.  Ovalling  profile 


attributable  to  inner  form  out  of  roundness  and  deformation  during 
construction  of  the  tunnel. 

84.  This  description  of  the  structure's  deformation  was  supple¬ 
mented  by  measurements  of  its  ovalled  shape  in  the  planes  perpendicular 
to  its  longitudinal  axis  at  29  selected  locations  along  its  length. 

These  measurements  were  made  in  May  1980  by  the  U.  S.  Army  Engineer 
District,  Detroit.  The  measurements  were  obtained  by  fixing  the  pivot 
point  of  a  custom  fabricated  profile  meter  at  the  approximate  cenfer 

of  the  tunnel  as  shown  in  Figure  61.  Then  the  distance  from  this  fixed 
pivot  point  to  the  inner  surface  of  the  tunnel  along  16  equally  spaced 
rays  was  recorded. 

85.  The  29  figures  in  Appendix  F  show  the  results  of  these 
measurements.  In  each  figure  the  solid  curve  represents  the  nominal 
12-ft-9-in.  inner  surface  of  the  tunnel.  The  asterisks  depict  the 
actual  shape  of  the  cross  section  measured  with  the  custom  fabricated 
profile  meter.  The  dotted  curve  is  a  theoretical  periodic  deflected 
shape  selected  to  have  the  minimum  sum  of  the  squared  distances  from 
these  measurements.  The  value  given  for  w/r  is  equal  to  the  maximum 
diametrical  change  of  this  theoretical  deflected  shape  as  a  fraction 
of  the  nominal  diameter.  It  is  observed  that  the  springline  diameter 
was  stretched  to  a  value  greater  than  the  nominal  diameter  along  the 
entire  bypassed  section.  The  crown-invert  diameter  changes  obtained 
from  the  ovalling  measurements  are  superimposed  on  the  results  of  the 
crown-invert  elevation  survey  in  Figure  60.  It  is  seen  that  the  two 
independently  acquired  data  bases  are  reasonably  consistent  with  one 
another . 

Design  loading 

86.  In  response  to  a  request  for  design  calculations  of  the 
failure  sewer,  the  data  sheet  shown  in  Figure  62  was  the  information 
furnished  by  the  Detroit  Water  and  Sewage  Department  pertaining  to 
the  concrete  tunnel  walls.  In  these  computations,  the  loading  on  the 
sewer  was  assumed  to  be  entirely  resisted  by  the  concrete  wall  of  the 
tunnel.  This  loading  was  a  uniform  pressure  equal  in  magnitude  to 
the  weight  per  unit  area  of  the  soil  between  the  springline  and  the 
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ground  surface.  An  average  compressive  stress  of  482  psi  in  the 
trial  16-in. -thick  concrete  wall  consistent  with  this  uniformly  distri¬ 
buted  pressure  was  then  computed.  Under  the  presumed  loading  q  ,  the 
axial  thrust  N  resulting  from  this  compressive  stress  would  uniform¬ 
ly  compress  the  tunnel's  circular  cross  section  as  shown  in  Figure  63. 
This  assumed  behavior  differs  from  the  pattern  of  crown-invert  crack¬ 
ing  and  springline  spalling  observed  in  the  distressed  areas  of  the 
tunnel . 

Resistance  specified 

87.  The  contract  specifications  prescirbed  a  tunnel  wall  thick¬ 
ness  of  16  in.,  a  minimum  cement  content,  a  maximum  water  content  ratio, 
and  an  approximate  ratio  of  fine  to  coarse  aggregate  for  the  concrete 
mixture  to  be  used  in  the  tunnel  walls,  but  did  not  explicitly  require 
the  mixture  to  meet  any  strength  standard.  We  have,  however,  been  told 
by  the  Detroit  Water  and  Sewer  District  that  the  compressive  strength 

of  the  concrete  from  similar  projects  using  this  particular  mixture 
is  3500  psi.  This  strength  provides  a  comfortable  margin  of  safety 
against  the  uniform  loading  assumed  in  the  design. 

88.  As  the  distressed  areas  of  the  tunnel  may  have  experienced 
a  loading  condition  different  from  the  uniform  condition  assumed  in 
its  design,  it  is  appropriate  to  consider  the  inherent  resists  ,'e  of 
the  tunnel  walls  against  nonuniform  loadings  q  ,  as  shown  in  Fig¬ 
ure  64.  In  order  to  satisfy  the  conditions  of  static  equilibrium  for 
such  loadings,  the  thrust  N  must  now  vary  with  position  in  the  tun¬ 
nel  wall.  Further,  transverse  resultant  shear  forces  V  and  re¬ 
sultant  bending  moments  M  must  be  developed  which  vary  with  position 
in  the  tunnel  wall.  Bending  moments  acting  in  the  direction  of  those 
in  Figure  64  would  tend  to  flex  the  tunnel  wall  inward  as  indicated 
and  cause  cracking  on  the  inner  surface  of  the  structure  as  observed 
near  the  crown  and  invert  of  the  distressed  areas.  On  the  other  hand, 
bending  moments  acting  opposite  to  the  direction  of  those  in  Figure  64 
would  tend  to  flex  the  tunnel  wall  outward  and  cause  crushing  and 
eventually  spalling  on  the  inner  surface  of  the  structure  as  observed 
near  the  springline  of  the  distressed  areas. 
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89.  When  loaded  in  such  a  nonuniform  fashion,  the  resistance  of 
a  plain  concrete  tunnel  wall  depends  upon  its  tensile  strength  as  well 
as  its  compressive  strength  and  thickness.  The  specific  combinations 
of  moment  M  and  thrust  N  which  can  be  resisted  without  concrete 
cracking  or  crushing  can  be  computed  from  the  values  of  tensile 
strength,  compressive  strength^  and  wall  thickness  using  the  techniques 
discussed  by  Pfrang,  et  al  (1964).  These  techniques  involve  first  as¬ 
suming  a  set  of  linear  strain  distributions  across  the  wall  correspond¬ 
ing  to  a  cracking  or  a  crushing  failure;  then,  for  each  strain  distri¬ 
bution,  the  distribution  of  stress  is  computed  from  the  stress-strain 
relation  for  concrete  which  is  annroximated  by  a  parabola  in  compres¬ 
sion  and  a  straight  line  in  tension.  Finally,  the  axial  thrust 
N  and  bending  moment  M  which  are  statically  equivalent  to  this 
stress  distribution  are  calculated.  A  TEKTRONIX  4050  series  BASIC 
mini-computer  subroutine  program  to  perform  these  computations  is 
listed  in  Appendix  G.  For  the  concrete  mixture  specified,  it  was  es¬ 
timated  that  the  tensile  strength  would  be  about  8  percent  of  the  com¬ 
pressive  strength  or  280  psi  (Grieb  and  Werner,  1962).  From 
these  strength  and  thickness  values,  the  resistance  of  the  structure 
specified  by  the  contract  was  then  computed  to  be  the  dotted  line  of 
Figure  65.  Combinations  of  bending  moment  M  and  axial  thrust  N 
caused  by  the  loading  which  fall  between  this  line  and  the  coordinate 
axes  can  be  resisted  by  the  tunnel  wall,  while  combinations  of  moment 
and  thrust  in  excess  of  this  resistance  line  cause  the  failure  of 
the  tunnel  wall.  This  resistance  line  indicates  that  the  specified 
structure  offers  some  resistance  against  nonuniform  loading  although 
this  was  not  explicitly  considered  in  the  design  calculations  furnished 
us.  In  the  absence  of  any  axial  thrust,  this  resistance  is  small  due 
to  the  low  strength  of  concrete  in  tension.  However  as  the  axial 
thrust  increases  up  to  the  point  of  inducing  crushing  of  the  concrete 
in  compression,  the  resistance  to  bending  moments  induced  by  nonuniform 
loading  increases. 

Resistance  constructed 


90.  As  discussed  in  the  previous  section,  the  resistance  against 


ME AN-STD  DEV 


lining  under  external  pressure 


external  loading  offered  by  a  plain  concrete  section  is  determined  by 
the  concrete  strength  and  the  section  thickness.  Figure  66  is  a  his¬ 
togram  which  shows  the  distribution  of  concrete  compressive  strength 
in  the  tunnel.  This  figure  was  drawn  from  the  results  of  the  labora¬ 
tory  tests  which  were  discussed  in  the  concrete  material  properties 
portion  of  this  report.  Figure  67  is  a  histogram  of  section  wall 
thickness  which  was  obtained  from  the  core  measurements  made  during 
the  geotechnical  explorations  through  the  tunnel  wall  as  well  as  these 
concrete  material  investigations.  It  is  clear  that  the  resistance 
offered  by  the  structure  as  constructed  varies  throughout  the  tunnel 
in  accordance  with  the  distributions  of  these  histograms  and  the 
dependence  of  resistance  on  strength  and  thickness. 

91.  In  order  to  estimate  this  distribution  of  resistance  in  the 
tunnel  as  built,  a  probabilistic  technique  called  Monte  Carlo  simula¬ 
tion  (Benjamin  and  Cornell,  1970)  was  employed  as  follows.  First,  the 
concrete  compressive  strength  was  modeled  by  a  computer- generated 
value  of  a  random  variable  whose  theoretical  distribution  roughly  ap¬ 
proximated  that  of  Figure  66  and  was  independent  of  location  in  the 
tunnel.  Specifically  the  mean  and  standard  deviation  of  the  theoreti¬ 
cal  distribution,  which  are  measures  of  its  central  value  and  disper¬ 
sion,  respectively,  were  set  equal  to  those  of  the  sample  shown  in 
Figure  66.  Similarly,  a  computer-generated  value  for  section  thickness 
was  obtained  from  a  theoretical  distribution  having  the  same  mean  and 
standard  deviation  as  the  sample  in  Figure  67.  Next,  a  tensile 
strength  was  generated  from  a  theoretical  distribution  whose  mean  was 
8  percent  of  the  compressive  strength  which  has  been  previously  ex¬ 
plained  to  be  the  estimated  central  value  for  this  mix  design.  The 
standard  deviation  of  this  distribution  was  assumed  to  be  13  percent 
of  this  mean  value  as  this  is  the  ratio  of  standard  deviation  to  mean 
for  the  sample  of  concrete  compressive  strength  in  Figure  66.  From 
these  simulated  values  of  strength  and  thickness,  a  bending  moment  and 
axial  thrust  resistance  curve  was  then  drawn  just  as  the  dotted  line 
was  drawn  for  the  contract  specified  values  of  these  variables  in 
Figure  65.  This  simulation  procedure  was  replicated  by  a  computer 
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100  times  resulting  in  100  such  resistance  curves.  Finally,  the  mean 
and  standard  deviation  of  these  100  curves  were  computed.  The  two 
solid  curves  in  Figure  65  represent  the  mean  plus  one  standard  devia¬ 
tion  and  the  mean  minus  one  standard  deviation  resistances  obtained 
by  this  procedure. 

92.  The  hashed  region  between  these  solid  curves  is  expected  to 
contain  the  resistance  constructed  in  the  majority  of  the  sewer.  How¬ 
ever,  the  structure's  resistance  is  probably  greater  or  less  than 
these  curves  at  some  locations.  One  finds  from  this  figure  that  the 
as-built  resistance  generally  exceeded  the  resistance  specified  by  the 
contract . 

Loadings  imposed 

93.  As  discussed  by  Peck  (1969),  the  loads  imposed  on  any  tun¬ 
nel  are  the  result  of  a  complex  interaction  mechanism  which  takes 
place  between  the  lining  structure  and  the  medium  surrounding  it.  At 
one  hypothetical  extreme,  if  the  lining  is  perfectly  flexible  compared 
to  the  medium,  the  lining  will  distort  until  a  uniform  pressure  exists 
between  the  lining  and  the  medium.  This  lining  will  satisfactorily 
support  the  surrounding  soil  if  the  associated  axial  thrust  does  not 
induce  crushing  or  buckling.  At  the  other  theoretical  extreme,  if  the 
lining  is  absolutely  rigid  relative  to  the  soil,  the  nonuniform  pres¬ 
sure  distribution  which  would  exist  in  the  undisturbed  medium  is  im¬ 
posed  on  the  lining.  To  perform  acceptably,  this  lining  must  be  cap¬ 
able  of  resisting  the  internal  bending  moments  induced  by  this  non- 
uniform  loading.  In  the  present  case,  the  primary  rib  and  lagging 
lining  preserved  the  integrity  of  the  excavation  during  the  construc¬ 
tion  of  the  secondary  concrete  lining.  Any  post-construction  change 
in  loading,  such  as  that  caused  by  the  removal  of  dewatering  wells  or 
by  the  piping  of  surrounding  material,  must  be  shared  by  the  two  lin¬ 
ings  in  accordance  with  the  rigidities.  Studies  such  as  that  by  Meyer 
and  Flathau  (1967)  have  shown  that  when  a  partial  failure  of  the  buried 
structural  system  occurs,  these  interaction  mechanisms  can  sometimes 
change  drastically. 

94.  With  these  complications  in  mind,  stress  analyses  were 
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conducted  of  the  combined  structure-soil  system  to  bracket  the  loadings 
imposed  on  the  concrete  lining  by  the  various  geotechnical  conditions 
discussed  in  an  earlier  portion  of  this  report.  Since  the  concrete 
lining  was  constructed  in  intimate  contact  with  the  primary  rib  and 
lagging  lining  and  since  the  concrete  lining  has  approximately  100 
times  the  flexural  rigidity  of  the  primary  ribs,  it  was  assumed  that 
all  of  the  external  loading  following  construction  was  carried  by  the 
concrete  lining.  Accordingly,  these  analyses  are  useful  in  discussing 
the  initiation  of  failure  in  the  concrete  lining  and  do  not  necessarily 
reflect  in  detail  the  complex  interaction  among  concrete  lining,  pri¬ 
mary  lining,  and  surrounding  medium  to  the  point  of  severe  structural 
collapse  which  now  exists  in  some  areas  in  the  sewer. 

95.  The  interaction  between  the  concrete  lining  and  the  sur¬ 
rounding  soil  was  modeled  by  loading  the  soil  at  a  distance  of  one 
tunnel  diameter  from  the  structure  with  the  loading  which  would  exist 
at  this  location  if  there  were  no  structure  present  as  shown  in 
Figure  68.  In  these  stress  analyses  both  the  soil  and  structure  were 
assumed  to  behave  with  linear  elastic  material  properties  consistent 
with  previously  discussed  test  data  and  with  compatible  displacements 
at  the  soil  structure  interface.  The  effects  of  the  stratification  and 
the  piping  discussed  in  the  geotechnical  portion  of  this  report  were 
modeled  through  a  nonhomogeneous  distribution  of  soil  material  proper¬ 
ties.  To  simplify  the  analyses,  the  loading  conditions  considered 
were  assumed  to  be  symmetric  about  the  tunnel's  vertical  axis  as  shown. 
Along  the  horizontal  boundary  located  one  tunnel  diameter  above  the 
crown,  a  uniform  vertical  pressure  was  applied  corresponding  to  the 
weight  of  the  overburden  material  as  previously  computed  in  Figure  40. 
On  the  vertical  boundary  one  tunnel  diameter  from  the  springline,  a 
horizontal  pressure  was  applied  corresponding  to  as  indicated  in 

Figure  41.  The  horizontal  boundary  one  diameter  below  the  invert  was 
assumed  to  rest  on  a  linear  elastic  foundation  whose  modulus 
k  =  300  psi/in.  was  selected  to  be  representative  of  the  soil  material 
encountered  below  this  depth.  In  addition  to  these  boundary  loadings, 
the  weight  distribution  of  the  lining  and  soil  material  within  these 
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boundaries  was  also  included  in  the  analyses. 

96.  These  stress  analyses  were  conducted  using  a  numerical 
technique  called  the  finite  element  method  (Desai  and  Abel,  1972).  In 
this  method,  constant  material  properties  and  a  particular  form  of  the 
distribution  of  stress  is  assumed  within  each  quadrilateral  element  of 
the  grid  in  Figure  68,  but  the  magnitude  of  these  stresses  is  deter¬ 
mined  by  the  requirement  for  static  equilibrium  with  the  externally 
applied  loads.  The  analyses  were  performed  on  the  WES  digital  com¬ 
puter  using  the  computer  code  SAPV  (Bathe,  et  a!.,  1973).  The  soil 
materials  were  modeled  by  isoparametric,  plane  strain,  quadrilateral 
elements  with  incompatible  bending  modes  of  deformation  suppressed. 

The  concrete  lining  was  modeled  by  beam  elements  which  considered 
flexural,  shear,  and  axial  flexibilities,  and  which  were  located  at 
the  linings  nominal  central  84.5-in.  radius.  In  all  the  analyses,  the 
stiffness  properties  of  these  beam  elements  were  computed  for  a  nominal 
thickness  of  16  in. ,  a  modulus  of  elasticity  of  E  =  6  x  10^  psi  and 

a  Poisson's  ratio  of  v  =  0.20  . 

97.  The  first  two  analyses  were  conducted  to  bracket  the  loading 
imposed  on  the  structure  if  no  surrounding  material  piped  into  the 
sewer.  The  soil  stratification  and  loading  in  these  analyses  are 
shown  in  Figures  68  and  69.  The  stratigraphy  shown  is  a  simple  ideali¬ 
zation  of  the  complex  condition  which  has  been  discussed  earlier  in 
this  report.  The  loadings  assumed  in  these  two  cases  bracket  those 
associated  with  the  range  of  lateral  earth  pressure  coefficient 

0.7  <  K  <  0.8  previously  determined  for  the  surrounding  material. 

98.  The  results  of  these  analyses  are  summarized  in  Figures  70 
through  73  as  a  function  of  location  from  the  invert  at  6=0  to  the 
springline  at  8  =  n/2  to  the  crown  at  0  =  tt  .  The  pressure  q 
exerted  on  the  liner  by  the  surrounding  soil  is  seen  to  be  nonuniform 
due  to  the  variation  of  load  with  depth  and  the  stratification  of  the 
soil.  The  shearing  stress  x  exerted  at  and  parallel  to  the  structure 
soil  interface  is  small  relative  to  these  normal  pressures  and  could 
probably  be  transmitted  without  slip  along  this  surface  as  assumed  in 
the  analyses.  The  bending  moments  M  induced  in  the  tunnel  wall  by 
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Figure  69.  Postconstruction  loading  conditions 
no  piping,  K  =  0.7 
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Figure  70.  Pressure  distribution  on  tunnel  liner;  no  piping 
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Figure  71.  Interface  shear  distribution;  no  piping 


100 


THETA,  RAD 

Figure  73.  Axial  thrust  distribution;  no  piping 


these  loadings  are  noted  to  stretch  the  inner  surface  of  the  liner  near 
the  invert  and  crown  and  to  compress  this  surface  near  the  springline. 
The  corresponding  axial  thrusts  N  are  observed  to  vary  as  a  function 
of  position  in  the  lining,  to  maintain  equilibrium  with  the  nonuniform 
loading. 

99.  In  both  of  these  loadings  the  most  severe  combinations  of 
moment  and  thrust  occur  at  the  invert,  crown,  and  springline.  The 
severity  of  this  combination  increases  as  the  lateral  pressure  coeffi¬ 
cient  K  decreases.  The  range  of  these  ideal  invert  loading  combina¬ 
tions  has  been  superimposed  on  the  previously  drawn  resistance  curves 
of  Figure  65.  It  is  not  believed  that  this  range  of  loadings  would 
exceed  the  capacity  of  the  constructed  tunnel  system.  Figure  70  does 
admit  that  if  the  concrete  1’ning  in  the  weaker  areas  of  the  sewer 
tunnel  was  surrounded  by  piped  material  with  a  low  value  for  the 
lateral  earth  pressure  coefficient,  some  minor  cracking  could  have 
initiated  in  these  areas.  Some  of  the  loading  would  then  be  trans¬ 
ferred  from  the  concrete  lining  to  the  rib  and  lagging  lining.  A  com¬ 
parison  of  Figures  40  and  41  indicates  that  this  primary  lining  was 
subjected  to  a  more  nonuniform  loading  condition  during  the  tunnel's 
construction.  Accordingly,  the  primary  lining  and  surrounding  com¬ 
petent  soil  material  could  be  expected  to  intersect  and  successfully 
carry  this  post-construction  loading. 

100.  Two  other  analyses  were  then  conducted  to  bracket  the  load¬ 
ing  imposed  on  the  structure  if  some  of  the  surrounding  material  piped 
into  the  sewer.  The  stratigraphy  and  loading  assumed  in  these  analyses 
are  shown  in  Figures  74  and  75.  The  soil  stratification  shown  repre¬ 
sent  two  simple  idealizations  which  bracket  the  complex  layering  of 
pipable  material  which  have  been  previously  shown  to  exist  around  some 
areas  in  the  tunnel.  The  boundary  loadings  assumed  in  these  two  cases 
are  consistent  with  the  estimated  central  value  K  =  0.75  for  lateral 
earth  pressure  coefficient.  In  Figure  74  the  effect  of  piping-suscept¬ 
ible  material  near  the  invert  is  modeled  by  a  reduction  in  this 
material's  stiffness  and  by  a  void  adjacent  to  the  concrete  lining. 

In  Figure  75  the  layer  of  pipable  material  is  moved  to  the  springline 
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and  the  effect  of  its  piping  is  similarly  simulated  at  that  location. 

In  both  cases,  the  pressure  exerted  on  the  lining  by  the  water  in  these 
voids  is  taken  to  be  the  product  of  the  density  of  water  and  the  depth 
below  the  water  table  as  indicated. 

101.  The  results  of  these  analyses  are  summarized  in  Figures  76 
through  79.  In  both  cases  the  interface  pressure  q  and  the  shearing 
stress  t  across  the  structure  medium  interface  are  seen  to  be  marked¬ 
ly  nonuniform  near  the  voids  assumed  to  be  caused  by  piping.  The  ef¬ 
fect  of  this  loading  on  bending  moment  M  and  axial  thrust  N  is  not 
particularly  harmful  for  the  case  of  a  void  under  the  invert.  In  this 
case  the  regions  in  which  the  tunnel's  inner  surface  is  stretched  or 
compressed  change  from  the  unpiped  cases,  but  the  severity  of  the 
critical  moment  and  thrust  combination  does  not  change  appreciably  from 
these  unpiped  cases.  On  the  other  hand,  if  a  void  occurs  near  the 
springline,  the  severity  of  the  critical  moment  and  thrust  combination 
increases  dramatically  from  the  unpiped  case.  In  this  case  the  inner 
surface  of  the  tunnel  near  the  springline  is  compressed  while  the  cor¬ 
responding  surfaces  near  the  invert  and  crown  are  stretched.  This 
pattern  of  deformation  is  similar  to  the  distressed  condition  existing 
in  the  tunnel  which  has  been  previously  discussed  in  paragraph  82. 

102.  These  critical  moment  and  thrust  loading  combinations  are 
connected  by  a  dotted  line  on  the  previous  plot  of  resistance  curves 
in  Figure  65.  This  range  of  loadings  suggests  that  piping  of  material 
near  the  invert  would  probably  not  directly  cause  the  collapse  of  the 
constructed  tunnel  system.  Such  piping  could  possibly  initiate  the 
structural  failure  of  the  concrete  lining  in  the  weakest  areas  of  the 
sewer.  However  if  such  a  failure  did  begin,  it  is  again  believed  that 
the  subsequent  interaction  among  the  concrete  lining,  primary  lining, 
and  the  competent  soil  material  remaining  adjacent  to  the  springline 
could  have  prevented  the  severe  structural  failure  of  the  tunnel  which 
did  occur  in  some  areas. 

103.  In  contrast.  Figure  65  suggests  that  the  piping  of  material 
near  the  springline  would  be  expected  to  initiate  the  structural 
failure  of  the  concrete  lining  in  even  the  strongest  areas  of  the 
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Figure  77.  Interface  shear  distribution;  piping 
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Figure  78.  Internal  bending  moment  distribution;  piping 
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sewer.  If  such  a  failure  did  initiate,  some  of  the  loading  would  at¬ 
tempt  to  transfer  from  the  concrete  lining  to  the  primary  rig  and  lag¬ 
ging  lining.  However,  lacking  any  competent  soil  material  adjacent  to 
the  springline  with  which  to  interact,  this  flexible  primary  lining 
would  have  little  capacity  to  sustain  this  loading.  Eventually,  as 
severe  a  collapse  of  the  tunnel  as  did  occur  in  the  distressed  areas 
could  be  expected. 

104.  One  additional  stress  analysis  was  conducted  to  assess  the 
effect  of  a  continuous  void  extending  longitudinally  along  the  invert 
due  to  extensive  piping  of  material.  In  this  analysis  the  concrete 
lining  was  modeled  to  be  an  infinitely  long  flexural  beam  of  rigidity 
El  as  shown  in  Figure  80.  The  beam  is  loaded  by  a  uniform  pressure 

p  corresponding  to  the  weight  of  the  overburden  material  above  it 
and  it  is  supported  by  an  elastic  foundation  whose  modulus  k  repre¬ 
sents  the  stiffness  of  the  soil  material  on  which  it  rests.  A  void  of 
length  L  exists  under  the  beam  to  model  a  complete  loss  of  support 
due  to  piping  of  surrounding  material.  Using  the  methods  described 
by  Timoshenko  (1930) ,  one  can  derive  the  expression  given  in  Figure  80 
for  the  bending  moment  M  imposed  in  the  beam  at  the  center  of  the 
void.  This  moment  would  tend  to  crack  the  lining  circumferentially 
rather  than  longitudinally  as  would  the  previously  discussed  moments 
induced  by  nonuniform  external  pressure. 

105.  Figure  81  shows  the  magnitude  of  this  bending  moment  M 

as  a  function  of  the  void  length  L  .  It  was  drawn  for  the  springline 

overburden  pressure  p  =  7800  psf  previously  computed  in  Figure  41, 

for  a  lining  modulus  of  elasticity  E  =  6  x  10^  psi  and  for  a  moment 

7  4 

of  inertia  I  =  3.06  x  10  in.  corresponding  to  a  hollow  circular 
cylinder  with  inner  and  outer  diameters  equal  to  the  nominal  values 
of  153  in.  and  185  in.  The  effect  of  foundation  modulus  variation 
between  k  *  200  psi/in.  and  k  =  500  psi/in.,  which  bracket  the  stiff¬ 
ness  of  the  material  under  the  tunnel,  is  also  illustrated  in  this 
figure . 

106.  This  loading  should  be  compared  to  the  resistance  of  the 
concrete  lining  in  longitudinal  bending  without  axial  thrust.  This 
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Figure  80.  Longitudinal  bending  of  concrete  lining  by  loss  of  foundation  support 


resistance  is  approximated  by  the  product  of  the  concrete  tensile 
strength  and  the  elastic  section  modulus  of  the  tunnel  in  longitudinal 
bending.  Accordingly,  for  the  contract-specified  16-in.  wall  thickness 
and  concrete  mixture  discussed  in  paragraph  89,  the  resistance  to 
longitudinal  bending  is  approximately  93  x  10^  in.  lb  as  shown  in 
Figure  81.  The  distribution  of  resistance  in  the  lining  as  built  de¬ 
pends  on  the  distribution  of  wall  thickness  and  tensile  strength  con¬ 
structed.  Using  the  Monte  Carlo  technique  and  the  assumptions  pre¬ 
viously  described  in  paragraph  91,  it  was  estimated  that  the  resistance 
of  the  majority  of  the  concrete  lining  is  contained  within  the  hashed 
region  of  Figure  81.  It  is  seen  that  the  constructed  lining  has  a 
resistance  to  longitudinal  bending  which  generally  exceeds  that  im¬ 
plicitly  specified  by  the  contract.  It  is  further  observed  that  the 
loss  of  foundation  support  due  to  invert  piping  for  a  longitudinal 
distance  on  the  order  of  200  in.  could  cause  the  tunnel  to  fail  in 
longitudinal  bending.  This  event  would  be  accompanied  by  a  circum¬ 
ferential  cracking  similar  to  that  described  in  paragraph  73  near 
Distressed  Area  No.  3. 
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PART  IV:  SUMMARY 


Findings 


107.  Specific  findings  are  presented  sequentially  as  follows: 

a.  A  note  on  the  contract  drawings  states  "Waterstops  not 
required  on  this  Contract."  This  refers  to  waterstops 
at  construction  joints. 

Id.  During  construction.  Change  Orders  Nos.  2  and  4  were 
issued  which  provided  for  the  installation  of  water- 
stops  at  construction  joints  not  yet  constructed.  The 
construction  records  show  that  no  waterstops  were  in¬ 
stalled  north  of  Sta  118+62. 

£.  The  concrete  placement  lengths  for  the  concrete  liner 
were  generally  105  ft.  These  substantial  placement 
lengths  directly  increased  the  potential  for  cold 
joints  in  the  concrete  liner.  This  potential  was 
frequently  realized  due  to  the  late  arrival  of  con¬ 
crete  trucks  and  plugged  concrete  drop  pipes,  resulting 
in  pour  delays. 

d.  The  construction  records  show  that  numerous  areas  of 
the  concrete  liner  required  patching  and  repair  of 
cold  joints,  honeycombing,  and  stone  or  rock  pockets 
immediately  following  the  removal  of  forms. 

e.  Stratification  of  the  glacial  lake  deposits  along  the 
tunnel  showed  uniformly  fine  to  medium  graded  beach 
sand  unit  along  the  base  of  the  tunnel.  In  Distressed 
Areas  Nos.  1  and  2,  silt  and  sand  strata  also  existed 
along  the  sides  of  the  tunnel.  Between  Distressed  Areas 
Nos.  2  and  3,  silty  to  sandy  clay  existed  along  the  sides 
of  the  tunnel  above  the  sand  along  the  base.  In  Dis¬ 
tressed  Area  No.  3,  thin  strata  of  sand  occurred  in  the 
silty  clay  along  the  sides  of  the  tunnel  and  silt 
strata  existed  near  the  crown  in  the  northern  half  of 
this  section.  On  the  basis  of  blow  count  comparisons, 
loose  soil  conditions  were  found  in  borings  along  all 
three  distressed  areas. 

_f .  Special  laboratory  piping  tests  showed  that  fine  to 
medium  sands,  silty  sands,  and  silts  from  the  site 
were  susceptible  to  piping  through  small  crack  open¬ 
ings  under  water  pressures  of  less  than  2  psi,  but 
the  uniformly  graded  fine  to  medium  sands  were  highly 
susceptible  to  piping  under  water  pressures  of  less 
than  1  psi.  Standard  pinhole  tests  on  silty  clay 
indicated  that  this  material  was  not  susceptible  to 
piping. 
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£.  Groundwater  conditions  at  the  site  in  1980  away  from 
the  area  of  dewatering,  showed  that  the  beach  sand 
unit  at  the  base  of  the  tunnel  had  artesian  water 
pressures  that  produced  an  equivalent  groundwater 
level  near  the  crown  in  Distressed  Area  No.  2  and  up  to 
6  ft  above  the  crown  north  and  south  of  this  area. 

These  levels  were  more  than  sufficient  for  piping 
to  occur. 

_h.  Rainfall  and  river  discharge  data  indicated  1976  to  be 
the  wettest  year  since  construction,  suggesting  higher 
groundwater  levels  during  1976  than  those  found  in 
1980. 

_i.  Staining  in  construction  joints  and  from  cold  joints 
indicated  leakage  through  these  joints.  Evidence  of 
sand  infiltration  through  construction  joints  and  cold 
joints  was  found  during  field  work. 

j_.  Significant  seismic  activity  did  not  occur  from  1972  to 
1980. 

k.  The  concrete  composition,  homogeneity,  and  quality  were 
satisfactory.  No  significant  differences  were  found  in 
the  concrete  between  distressed  and  intact  areas. 

_1.  Seepage,  honeycombing,  and  contamination  occurred  in 
continuous  cold  joints  in  the  side  walls  of  both  the 
distressed  and  intact  areas. 

m.  The  distressed  areas  are  characterized  by  longitudinal 
cracking  near  the  crown  and  invert,  longitudinal  spall¬ 
ing  near  the  springlines,  a  contraction  of  crown-invert 
diameter,  and  an  expansion  of  springline  diameter. 

n.  The  loading  condition  assumed  in  the  original  design  of 
the  concrete  tunnel  wall  was  a  uniformly  distributed 
external  pressure  equal  to  the  estimated  weight  per 
unit  area  of  the  soil  between  the  ground  surface  and 
the  springline. 

£.  The  specifications  in  the  contract  provided  for  a  re¬ 
sistance  which  exceeded  the  assumed  uniform  design 
loading. 

j5.  The  as-built  structure  had  a  resistance  against  exter¬ 
nal  loading  which  exceeds  that  specified  in  the 
contract . 


Conclusions 


Conclusions  are  presented  sequentially  as  follows: 
£i.  Seismic  activity  was  not  a  factor. 


tj.  Concrete  composition,  homogeneity,  and  quality  were 
not  factors  and  there  was  no  evidence  of  detrimental 
chemical  reactions. 

£.  At  end  of  construction,  the  concrete  liner  contained 
open  construction  joints  and/or  cold  joints  at  several 
locat ions . 

ci.  The  fine  to  medium  sands,  silty  sands,  and  silts  will 
pipe  through  openings  as  narrow  as  0.01  in.  under  water 
pressures  less  than  2  psi. 

£.  After  construction,  the  external  water  pressure  on  the 
tunnel  invert  ranged  from  k  to  8  psi. 

f_.  Soil  piped  into  the  tunnel  in  varying  amounts  depending 
on  the  location  of  the  strata  of  piping  soil  with  re¬ 
spect  to  open  construction  joints  and/or  cold  joints. 

As  material  piped  into  the  tunnel,  the  tunnel  lost 
bottom  and  side  support. 

£.  When  loss  of  support  occurred  beneath  the  invert,  the 
resulting  loading  caused  the  structure  to  crack  cir¬ 
cumferentially  as  was  observed  in  Distressed  Area  No.  3. 

h.  When  loss  of  support  occurred  at  the  springline,  the 
resulting  nonuniform  loading  caused  the  resistance  of 
the  structure  to  be  exceeded  and  initiated  the  pattern 
of  oval  ling  and  longitudinal  cracking  and  spalling  ob¬ 
served  in  all  distressed  areas. 

IMS.  In  summary ,  the  distress  actually  began  immediately  follow¬ 
ing  construction  as  soon  as  the  groundwater  level  was  sufficiently  high 
to  initiate  piping  of  soil  through  open  construction  and  cold  joints. 

!’h  i  s  piping  took  place  over  a  significant  period  of  time.  As  greater 
loss  of  support  occurred,  the  concrete  liner  deformed,  the  cracks 
opened  wider,  and  more  soil  was  allowed  to  pipe  into  the  tunnel.  These 
events  progressed  until  the  distress  was  manifested  by  the  crack  pat¬ 
tern  found,  and  by  total  collapse  at  Distressed  Area  No.  1  and  partial 
collapse  at  Distressed  Area  No.  3.  Varying  degrees  of  distress  were  ex¬ 
perienced  depending  upon  the  location  of  the  strata  of  piping  soil  with 
respect  o  open  construction  and/or  cold  joints. 
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06-23-72  Cofferdam  Bottom  of  tunnel  In  cofferdam  was 

poured  up  to  the  sprlngllne* 


Table  1  (concluded) 


NS  under  the  column  Ribs  means  that  the  number  of  ribs  set  that  shift  were  not  specified  In  the  Inspector' 


Table  2 


Concrete  Summary 


Date 

Concrete 

Placed 

Time 

Ope ra t ion/ Problem/ Notes 

From 

To 

From 

To 

3-31-72 

135+82 

135+67 

1300 

1445 

Pour//Resteel  in  lower  east 
quarter  from  station  135+67  to 
135+82. 

4-05-72 

0700 

1330 

Form 

4-06-72 

135+67 

134+92 

1645 

2145 

Pour/Void  in  arch  at  bulkhead  31 
high  and  back  approx.  32'/Restee 
at  lower  west  quarter  at  station 
135+52 

4-08-72 

0700 

1530 

Form 

4-10-72 

134+92 

134+12 

1820 

2345 

Pour/Void  over  old  work  may  only 
be  partly  f illed/Resteel  at  west 
springline  from  Station  134+87  to 
134+42.  Resteel  at  invert  from 
Station  134+12  to  134+27 

4-11-72 

St rip//Section  fair 

4-12-72 

1 

4-13-72 

2400 

Strip/Stone  pockets  from  west 
quarter  point  to  east  quarter 
point  Station  134+97 

134+12 

133+32 

1230 

1615 

Pour  80'.  Stripped  bulkhead 

with  15'  arch  and  invert.  Form 
15'//Resteel  at  west  springline  at 
Station  133+82 


1 


4-14-72 

1 

4-14-72 

Strip/Rock  pockets 
134+12 

at  Station 

0700 

1500 

Strip/Rock  pocket 
springline 

3'  Dia.  west 

1 

4-14-72 

1600 

2400 

Form  15'  arch  and 
15"  arch. 

invert.  Strip 

1 

4-15-72 

0700 

2400 

Strip  and  form. 

Sixty  feet 

formed 


1.  Represents  work  in  distressed  area  number  1. 

2.  Represents  work  in  distressed  area  number  2. 

3.  Represents  work  in  distressed  area  number  3. 
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Table  2  (continued) 


Date  Concrete  Placed  Time  Operation/Problem/No  tee 


From  To  From  To 


4-17-72  133+32  132+27  1125  1650  Pour/Pour  progressed  very 

slowly  due  to  slow  arrival  of 
concrete  trucks ./Resteel  in 
bottom  1/2  from  Station  132+57 
to  133+17 


4-20-72 


1 

4-20-72  1600 

1 

4-21-72  Day 

1 

4-21-72  132+27  131+22  1800 

1 

4-24-72  0700 

1 

4-24-72  131+22  130+17  1600 

1 

4-24-72  1600 

2 

4-25-72  130+17  129+12  1300 


Strip/ Honeycomb  at  springline 
east  and  west  Station  133+32 

0100  Form  35'  of  invert  and  remove 
bolts  for  next  35' 

SHift  Strip  and  form  70'  each 

2215  Pour/Malfunction  in  hydraulic 
from  carrier 

1630  Strip  and  Form  105' 

each/Malfunction  in  hydraulic 
from  carrier 

1945  Pour 

2430  Clean  up  ahead  of  pour 

1630  Pour  and  strip/ 1.5  cubic  yards 
short  on  pour,  rock  pocket  east 
side  Station  130+17,  three  cold 
joints  east  and  west  sides 
Station  130+17  and  130+35 


2  1600  2430  Strip  and  form  105'  each 

4-25-72 

2 

4-26-72  129+12  128+07  1220  Pour  strip  and  form  105’ 

each/ concrete  was  poured 
somewhat  wet  and  with  ground 
water  caused  froms  to  shift 
eastward  and  rise  above 
setting. 05’.  It  was  suggested 
to  foreman  that  more  trucks  are 
needed  for  a  pour  of  this 
length.  Small  rock  pockets  top 
quarters  Station  130+17.  Cold 
joint  lower  east  quarter 
Station  130+17/Ten  Feet  of 
resteel  at  east  springline  at 
Station  128+92 
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Table  2  (continued) 


Date 

Concrete 

Placed 

Time 

Operation/Problem/Notes 

From 

To 

From 

To 

2 

4-27-72 

128+07 

127+02 

1205 

1530 

Pour  and  strip/Small  honeycombed 
spots  at  bulkhead  Station  128+0 7 

2 

4-28-72 

127+02 

125+97 

1300 

1720 

Pour/After  pouring  260  cubic 
yards  drop  shaft  plugged  up, 
could  not  move  even  from  top, 
void  in  crown  approx,  ten  cubic 
yards  (15'x8')  not  covering  forms 

2 

4-29-72 

125+97 

124+92 

1300 

1550 

Pour  and  strip/Ordered  ten  cubic 
yards  extra  to  fill  void  left  on 
4-28-72 

5-01-72 

124+92 

123+87 

0815 

1335 

Pour  and  strip/ At  Station  125+8 
a  stone  pocket  4'xl'  in  the  east 
quarter.  At  Station  125+45  a 
stone  pocket  6”x5’  in  the  west 
quarter 

5-02-72 

123+87 

122+82 

1000 

1255 

Pour  and  strip/V  type  cold  join 
at  invert  Station  123+20  and  13' 
long  cold  joint  at  west  side  of 
Station  123+30/Resteel  at  crown 
from  Stations  122+82  to  122+93 

5-04-72 

122+82 

121+77 

1640 

1940 

Pour  and  strip/Rock  seam  14'  long 
lower  west  quarter  at  Station 
123+87  to  123+73.  A  2'  dia. 
rock  pocket  at  Station  123+87  at 
east  springline.  Finish  grade  is 
.01'  down/Resteel  in  top  east 
quarter  from  Station  122+47  to 
122+82 

5-04-72 

Day  &  Afternoon 

Strip  and  form  105*  each 

5-05-72 

121+77 

120+72 

1300 

1630 

Pour  and  strip 

5-30-72 

120+72 

119+67 

1355 

1715 

Pour  and  strip 

5-01-72 

119+67 

118+62 

1700 

2130 

Pour  and  strip/One  hour  and 
fifteen  minute  delay  due  to  both 
drop  holes  plugging  up,  went 
through  top  doors  to  start 
concrete  moving/Waterstop  at 
Station  118+62 

5-02-72 

118+62 

117+57 

1600 

1930 

Pour  and  strip/Small  amount  of 
cold  joint  east  and  west  lower 

quarters/Waterstop  at  Station 
117+57. 
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Da  te 


6-03-72 


6-05-72 


6-05-72 

3 

6-06-72 


3 

6-06-72 

3 

6-07-72 


3 

6 -07-72 

3 

6-08-72 

3 

6-08-72 

3 

6-09-72 


3 

6-09-72 

3 

6-10-72 


6-12-72 


1 


Table  2  (continued) 


Co nc  rete 

Placed 

Time 

From 

To 

From 

To 

117+57 

116+52 

1445 

1725 

116+52 

115+47 

1425 

1825 

1700 

0100 

115+47 

114+42 

1225 

1610 

1700 

2430 

114+42 

113+37 

1205 

0304 

1700 

2400 

113+37 

112+32 

1230 

1540 

1700 

0100 

112+32 

111+27 

1300 

1640 

1700 

0130 

111+27 

110+22 

1430 

1650 

110+22 

109+17 

1450 

1730 

Operation/Problem/Notes 

Pour  and  strip/2'x4'  honeycomb 
at  lower  quarter  east  side 
Station  118+61/Thirty  feet  of 
resteel  crown  at  Station  117+42. 
Waterstop  at  Station  116+52 

Pour  and  strip/2 'xl*  trace  of 
clay  in  crown  at  Station 
1 1 7+22/Waterstop  at  Station 
115+47 

Remove  form  bolts  for  105' 

Pour  and  strip/ Small  rock 
pockets  at  start  of  pour  and 
small  cold  joints/Waterstop  at 
Station  114+42 

Remove  form  bolts  for  105' 

Pour  and  strip/Several  cold 
joints  both  east  and  west  sides 
approx.  1/2"  wide/Waterstop  at 
Station  113+37 

Remove  form  bolts  for  105' 

Pour  and  strip/Waterstop  at 
Station  112+32 

Remove  form  bolts  for  105' 

Pour  and  strip/Four  small  cold 
joints  east  and  west  sides/Thirty 
five  feet  of  resteel  in  top  from 
Station  111+47  to  111+82. 
Waterstop  at  Station  111+27 

Remove  form  bolts  for  105’ 

Pour  and  strip/Rock  pockets 
east  and  west  springline  Station 
110+82.  Waterstop  at  Station 
110+22 


Pour  and  strip/3 'x3'  honeycomb  a 
east  and  west  side  Station  111+27 
at  springline/Resteel  in  bottom 
1/2  from  Station  109+17  to 
Station  109+52.  Waterstop  at 
Station  109+17 
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Table  2  (concluded) 


Date 

Co ncrete 

Placed 

Time 

Operation/Problem/Notes 

_ From _ 

To 

From 

To 

6-14-72 

109+17 

108+12 

1250 

1645 

Pour  and  strip/ /Resteel  in  top 

1/2  from  Station  108+12  to 

108+47.  Steel  around  entire 
tunnel  from  Station  108+47  to 
109+02.  Waterstop  at  Station 
108+12 

6-16-72 

108+12 

107+07 

0925 

1300 

Pour  and  strip/Resteel  in  invert 
from  Station  107+07  to  107+97. 
Resteel  in  crown  from  Station 
107+47  to  108+12.  Waterstop  at 
Station  107+07 

6-17-72 

107+07 

106+02 

1320 

1545 

Pour  and  strip/Minor  honeycomb 
east  and  west  side/Resteel  in 
invert  from  Station  106+02  to 
106+67.  Waterstop  at  Station 
106+02 

6-19-72 

106+02 

104+97 

1415 

1745 

Pour  and  strip/ Small  rock  pockets 
around  construction  joint  at 
Station  107+07  also  clay  in  crown 
Station  106+57/Re  steel  in  bottom 
1/2  from  Station  104+97  to 

105+87.  Waterstop  at  Station 
104+97 

b-20-72 

104+97 

103+92 

1245 

Pour  and  strip/Few  small  rock 
pockets  throughout  pour  due  to 
stoney  concrete.  Surface  of 
concrete  is  generally 
good/Resteel  at  bottom  1/2  from 
Station  104+27  to  104+82.  Two 
bars  in  invert  entire  pour. 
Waterstop  Station  103+92 

6-21-72 

103+92 

103+47 

1400 

1545 

Pour  and  strip/Minor  roughness  at 
inver t/Twenty  feet  of  resteel  in 
upper  1/2  at  Station  103+77. 
Waterstop  at  Station  103+47 

6-27-72 

Core  removed  at  springline  west 
side  at  Station  135+73 

6-29-72 

Two  cores  removed  at  Station 
123+17  at  springline  and  lower 
quarter  east  side 

7-05-72 

Core  removed  at  crown  Station 
104+17 

7-07-722 

Filled  void  at  Station  126+12 
and  filled  power  drop  hole  at 
Station  123+42 
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Table  3 

Available  Information  Used  in  Geotechnical  Stud: 


Source 


Project 


Description  of  Information 


City  of  Detroit  Contract  PCI-7 

Water  and  Sewerage  PCI-3  and  PCI-16 

Department 

Contract  PC-1* 33 
Contract  PCI-7 


Contract  CS-858 


General 


Preconstruction  boring  logs  and  soil 
test  data  and  plans  showing  boring 
locations. 

Construction  boring  logs  and  plans 
showing  boring  locations. 

Design  calculations. 

Specifications  and  as-built  drawings. 
Tunnel  Rib,  Drawing  So.  109-6. 
Construction  Photographs. 

DMWS  construction  inspector's  shift 
reports. 

DMWD  Sewer  construction  daily  reports. 
Project  summary  reports. 

"Summary  of  Contract  PCI-7 ,  Inspectors 
Mining  Reports  Compared  to  PCI-3  Boring 
Logs,"  by  E.  Kulick. 

Contract  drawings  for  the  temporary 
bypass  and  pumping  shaft. 

Photographs  and  video  tape  of  tunnel 
Distress  Areas  1  and  2. 

Complete  set  of  logs  for  test  borings, 
piezometer  borings,  settlement  pin 
borings  and  dewatering  well  borings. 
Daily  Inspection  Reports  for  1  Feb  80 
to  10  Mar  80. 

Tunnel  profiles. 

Piezometer  readings  through  23  May  80. 

DMWS  Soil  laboratory  test  descriptions 
and  legends. 


Corps  of  Engineers  PCI-7 

Detroit  District 

Flood  Control 
Study 

Wastewater 

Management 

U.  S.  Geological  Water  Resources 

Survey  in  cooperation 
with  U.  S.  Army  Corps 
of  Engineers 


Color  Photographs  of  PCI-7  tunnel 
interior  after  initial  cleanup, 

Sta  133+75  to  Sta  110+15- 

Boring  logs,  plan  of  boring  locations 
and  laboratory  test  data  along  Red 
Run,  vicinity  of  PCI-7. 

"Special  Report,  Geologic  Considerations 
for  South  East  Michigan  Wastewater 
Management,"  Feb  73  by  Andrew  Mazola. 

Southeastern  Michigan  Water  Resources 
Study,  Groundwater  and  Geology,  1975, 
by  F.  R.  Tventer 


Table  it 

WES  Surface  Borings 


Boring 

No. 

Location 

Sample 

Type 

Purpose 

WES-1 

116+42 

20 'E 

Split  spoon/ 
Undisturbed 

Soil  stratification,  in  situ 
soil  conditions  and  undisturbed 
samples  from  45  to  67  ft  depth 
in  nondistressed  area. 

WES- 2 

125+18 

22' E 

Split  spoon 

Soil  stratification  and  in  situ 
conditions  in  nondistressed  area 

WES- 3 

130+20 

20'E 

Undisturbed 

Soil  stratification,  in  situ 
soil  conditions,  and  undisturbed 
samples  close  to  south  end  of 
Distress  Area  1. 

WES- It 

112+81 

18'  E 

Undisturbed 

Soil  stratification,  in  situ  soi 
conditions,  and  undisturbed 
samples  in  Distress  Area  3. 

WES- 5 

126+85 

25' E 

Undisturbed 

Soil  stratification,  in  situ 
soil  conditions  and  undisturbed 
samples  in  Distress  Area  2. 

WES-6 

128±50 

+20' E 

None 

Define  extent  and  depth 

WES- 7 

122±80 

±20' E 

None 

of  landfill  found  in  WES-2, 

WES-8 

124+00 

+20' E 

None 

WES-3,  and  WES-5. 

WES- 9 

114+25 

12' E 

Split  spoon 

Define  soil  strata  and  in  situ 
conditions  adjacent  to  tunnel 

WES-10 

113+25 

13'  W 

Split  spoon 

in  Distress  Area  3  between 
depths  of  45  to  65  ft. 

Table  5.  Location  of  Construction  Dewatering  Wells 
15  Mile  Road  to  Red  Run  (Source’.DMWD  Daily  Reports, 
10-20-70  to  12-14-70) 


Depth  of  Depth  to  Water 

Well  Durir  '  .lling 

Station*  ft 


136+33 

- 

134+05 

93 

65 

133+05 

93 

65 

132+05 

92 

68 

131+05 

92 

70 

130+05 

93 

68 

129+10 

93 

65 

128+10 

94 

68 

126+98 

92 

72 

125+92 

92 

67 

124+95 

91 

61 

124+20 

92 

67 

123+25 

91 

63 

122+20 

89 

69 

121+25 

86 

69 

120+20 

89 

61 

119+20 

91 

57 

118+05 

86 

57 

116+80 

93 

55 

115+80 

91 

57 

114+80 

98 

- 

113+80 

96 

72 

112+20 

52 

52 

111+80 

99 

65 

111+70 

50 

- 

111+20 

105 

43 

_ Remarks _ 

20  ft  west  and  20  ft  north  of 
9'  6"  tunnel  stub 

Hit  rock  and  water  at  depth  of 
65  ft. 


Hit  rock  and  water  at  52  ft. 
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Table  5 

(Continued) 

Station* 

Depth  of 
Well 
ft 

Depth  to  Water 
During  Drilling 
ft 

Remarks 

110+70 

70 

_ 

110+20 

88 

43 

109+20 

85 

- 

108+67 

73 

68 

108+22 

96 

40 

107+65 

62 

50 

Hit  rock  at  62  ft. 

107+35 

87 

73 

Hit  water  and  sand  at  73. 

107+05 

91 

50 

106+75 

65 

40 

Hit  rock  at  65 

106+20 

97 

53 

105+80 

85 

40 

*  All  wells  located  25 

ft  east  of  tunnel 

centerline . 

Sheet 


Table  6.  Extracts  Concerning  Dewatering  from 
Detroit  Metropolitan  Water  Department  Daily  Inspection  Reports 


10-26-70  Day  E.  Karsten  "Tri-State  Drilling  put  down  well  No. 

122  at  sta  110+20,  depth  88  ft  and  well 
No.  123  at  sta  111+20,  depth  105  ft. 

No  Gas  by  test  with  well  full  of  water.' 

10-27-70  Day  E.  Karsten  "Tri-State  Drilling  put  down  well  No. 

124  at  sta  106+20,  depth  97  ft,  no 
explosive  gas  by  test,  but  well  full 
of  water." 

8_4_72  Day  H.  Ezekiel  "3  operators  and  3  men  started  removing 

and  pulling  deep  well  casings  N.  of 
cofferdam  shaft." 

8-7,  8,  9, 

10,  11,  13, 

14_72  Day  H.  Ezekiel  "3  operators  and  3  men  continued  to 

pull  deep  well  casings  N.  of 
cofferdam  shaft." 

8-15,  16-72  Day  H.  Ezekiel  "Continued  to  pull  deep  well  casings 

S.  of  15  Mile  Rd,  3  men  and  3  operators 
working." 


Table  7 

Soil  Conditions  Noted  in  DMWS  Inspector  Daily  (Shift)  Reports 


Station 


Date 

From 

To 

Ground  Condition 

1 1-02-71 

135+83 

135+79 

Plastic-like  clay  with  sand  throughout 

11-08-71 

135+W 

135+1*3 

Hard,  gray  plastic-like  clay  with  rocks  and  sand 

11-09-71 

135+^3 

135+35 

Firm,  gray  plastie-like  clay  with  rocks  and  sand 

11-10-71 

135+35 

135+23 

Firm  to  soft  gray  plastic-like  clay  mixed  with  sand 
and  rocks 

11-11-71 

135+23 

135+07 

Firm  to  soft  gray  clay  with  some  sand  and  rocks 

11-12-71 

135+07 

13*4+95 

Firm  to  soft  gray  clay  with  some  sand  and  rocks 

11-15-71 

13*4+95 

13*4+83 

Firm  to  soft  gray  clay  with  some  rocks 

11-16-71 

13*4+83 

13*4+63 

Plastic-like  gray  clay  with  small  stones  throughout 

11-17-71 

13*4+63 

13*4+35 

Firm  to  soft  plastic-like  gray  clay 

11-18-71 

13*4+35 

13*4+19 

Gravel  and  sand  mixed  with  firm  gray  clay,  some  rocks 
included 

11-19-71 

13*4+19 

133+99 

Gravel  and  sand  mixed  with  firm  gr av  clay 

11-19-71 

133+99 

133+83 

Gravel  and  sand  mixed  with  gray  clay  throughout 

11-23-71 

133+83 

133+63 

Sand  and  gravel  with  gray  clay  throughout 

11-214-71 

133+63 

133+35 

not  recorded 

12-06-71 

133+35 

— 

Very  hard  gray  sand  mixed  with  scattered  stones  and 
traces  of  clay 

12-07-71 

133+35 

133+20 

Very  hard  gray  sandy  clay  with  stones  of  various  sizes, 
above  lower  l/*4  point;  gravel  vein  in  very  bottom  of 
tunnel 

12-07-71 

133+20 

132+95 

Hard  gray  clay  with  stones  throughout 

12-08-71 

132+95 

132+85 

Very  hard  gray  sandy  clay  with  some  scattered  stones 
throughout 

12-09-71 

132+50 

132+25 

Gray  sand  and  clay  with  rocks 

12-09-71 

132+70 

132+50 

Gray  sand  mixed  with  very  hard  gray  sandy  seams  and 
scattered  stones  throughout 

12-10-71 

132+25 

132+05 

not  recorded 

12-10-71 

132+05 

131+80 

not  recorded 

12-11-71 

131+80 

131+65 

Hard  sandy  gray  clay  with  scattered  stones 

12-1U-71 

131+25 

131+05 

Hard  clay  to  spring  line  and  sandy  gray  clay  on  top 

12-1*4-71 

131+55 

131+25 

Very  hard  gray  clay  with  stones  throughout  the  bottom 
and  stoney  softer  clay  above  spring  line 

12-15-71 

130+90 

130+65 

Sand  and  gray  clay;  dry  condition 
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Table  7  (Continued) 


Station 


Date 

From 

To 

Ground  Condit ion 

12-15-71 

131+05 

130+90 

Very  bard  gray  sandy  clay  with  scattered  stones 

12-16-71 

130+65 

130+35 

Hard  gray  sandy  clay  with  scattered  stones  of  vari¬ 
ous  sizes  throughout 

12-16-71 

130+35 

130+25 

not  recorded 

12-17-71 

130+25 

130+00 

Hard  gray  sandy  clay  with  scattered  stones 

12-17-71 

130+00 

129+90 

not  recorded 

12-18-71 

129+91 

129+56 

not  recorded 

12-20-71 

129+56 

129+16 

Very  hard  gray  clay  with  hard  sandy  spots;  also  many 
stones  of  various  sizes  throughout 

12-20-71 

129+16 

128+76 

Rock  and  gray  clay  and  sand 

12-21-71 

128+76 

128+26 

Gray  sand  mixed  with  traces  of  firm  gray  clay,  also 
pebbles  to  large  stones  are  prevalent  throughout 

12-21-71 

128+26 

127+76 

Same  as  above 

12-22-71 

127+76 

127+56 

Clay,  very  rocky 

12-22-71 

127+56 

127+21 

Same  as  above 

12-23-71 

127+21 

126+96 

Very  rocky  sandy  gray  clay;  large  boulders 

12-23-71 

126+96 

126+76 

Clay  and  rocks 

12-24-71 

126+76 

126+61 

Very  hard  gray  sandy  clay  with  traces  of  soft  clay 
in  the  crown;  also  scattered  stones  throughout 

12-27-71 

126+61 

126+21 

Same  as  above 

12-28-71 

125+81 

125+36 

Hard  clay  and  sand  with  rocks;  some  water  started 
to  appear 

12-29-71 

125+01 

124+81 

Same  as  above 

12-29-71 

124+81 

124+41 

Clay  and  large  rocks 

12-30-71 

12l*+Ui 

124+11 

Same  as  above 

12-30-71 

124+11 

123+76 

Large  rocks  and  clay 

12-31-71 

123+76 

123+46 

Very  hard  clay  with  many  stones  of  various  sizes; 
also  some  signs  of  dampness  throughout 

01-03-72 

123+46 

123+01 

Gray  sand  and  clay  with  rocks 

01-03-72 

123+01 

122+71 

Same  as  above 

01-04-72 

122+71 

122+61 

Same  as  above 

01-04-72 

122+31 

122+16 

Hard,  full  of  rocks 

01-05-72 

122+16 

121+86 

Very  hard  rocky  gray  sandy  clay 

01-06-72 

121+86 

121+51 

Firm  gray  sandy  clay  with  many  stones 

Table  7  (Continued) 


Station 


Date 

From 

To 

Ground  Condition 

01-06-72 

121+51 

121+21 

Sandy  clay  and  rocks 

01-07-72 

121+21 

120+96 

Very  hard  gray  clay  with  many  large  rocks 

01-07-72 

120+96 

120+76 

Hard  clay  with  stones 

01-08-72 

120+76 

120+61 

Very  hard  and  rocky  clay,  some  sand  showing  on  top 

01-10-7 2 

120+16 

120+06 

Very  hard  gray  sandy  clay  with  many  stones  throughout 

01-10-72 

120+06 

119+91 

Rocky 

01-11-72 

119+91 

119+26 

Hard  gray  clay,  rocky 

01-12-72 

119+26 

118+81 

Very  hard  gray  sandy  clay  with  scattered  stones 
throughout 

01-12-72 

118+81 

118+56 

Hard  gray  clay  with  boulders 

01-13-72 

118+56 

118+21 

Very  hard  gray  stoney  clay  with  some  soft  clay  in  top 

01-11-72 

118+21 

117+81 

Extremely  hard  sandy  gray  clay  with  a  lot  of  stones 
of  various  sizes 

Ol-lU-72 

117+81 

117+1*6 

Hard  clay  and  rocks 

01-15-72 

117+1*6 

117+06 

Very  hard  gray  sandy  clay 

01-15-72 

117+06 

116+81 

Hard  gray  clay  with  rocks;  sand  on  bottom 

01-17-72 

116+81 

116+1*1 

Very  firm  gray  sandy  clay  with  sandy  bottom  and 
scattered  stones  throughout 

01-17-72 

116+1.1 

116+01 

Hard  gray  clay  with  boulders 

01-18-72 

116+01 

115+76 

Very  hard  gray  rocky  clay,  with  a  sandy  seam 
throughout 

01-18-72 

115+76 

115+1*1 

Hard  gray  clay  with  large  rocks 

01-19-72 

115+1*1 

115+11 

Clay  with  sand  on  bottom 

01-20-72 

115+11 

11 1*+86 

Very  hard  gray  clay  with  many  large  stones 

01-20-72 

111+86 

lll*+66 

Hard  gray  clay  and  rocks  with  traces  of  sand 

01-21-7 2 

1 11+66 

llU+36 

Very  hard  gray  clay  with  sand  seams  in  bottom;  also 
many  stones  of  various  sizes 

01-21-72 

111+36 

lll*+06 

Hard  clay  with  rocks 

01-22-7  2 

11U+06 

113+07 

Firm  gray  sandy  clay  with  scattered  stones  throughout 

01-22-72 

113+71 

113+31 

Hard  clay  with  rocks;  sandy  layer  in  face  at 
spr ingline 

01-21* -7  2 

113+31 

113+11 

Hard  gray  clay  with  sandy  bottom  and  top;  also 
scattered  stones 

01-21-72 

113+11 

112+76 

Rocky  hard  clay  with  traces  of  sand  and  small  amount 
of  water 
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Table  7  (Continued) 


Stat ion 


Date 

From 

To 

Ground  Condition 

01-25-72 

112+76 

112+46 

Firm  gray  sandy  clay  with  many  stones  of  various 
sizes 

01-25-72 

112+46 

112+16 

Same  as  above 

01-26-72 

112+16 

111+91 

Hard  gray  clay  with  scattered  stones 

01-26-72 

111+91 

111+56 

Hard  clay  with  rocks 

01-27-72 

111+56 

111+31 

Firm  gray  clay  with  many  large  stones  throughout 

01-27-72 

111+31 

111+01 

Hard  gray  clay  but  getting  softer  as  indicated  by 
mining  machine 

01-28-72 

111+01 

110+71 

Hard  gray  clay  with  sandy  wet  bottom  and  scattered 
s  tone  s 

01-28-72 

110+71 

110+44 

Same  as  above 

01-29-72 

110+41 

110+16 

Hard  ground  and  many  large  rocks 

01-29-72 

110+16 

110+01 

Hard  clay 

01-31-72 

110+01 

109+71 

Very  hard  gray  stoney  clay  with  many  large  rocks 
throughout 

01-31-72 

109+71 

109+36 

Hard  clay  and  stones  throughout 

02-01-72 

109+36 

109+16 

Very  soft  mushy  clay  with  a  lot  of  stones 

02-01-72 

109+16 

108+93 

Sand  and  gravel,  little  clay 

02-02-72 

108+93 

108+88 

Adverse  soil  mixed  with  «ai.e21*  sand_,  silt,  and  some 
stones 

02-03-72 

108+68 

108+85 

Plastic  clay 

02-04-72 

108+78 

108+63 

not  recorded 

02-04-72 

108+85 

108+78 

Sand,  silt,  water_,  with  some  gray  clay  throughout 

02-05-72 

108+63 

108+58 

Sand,  gravel,  and  water.,  with  traces  of  clay 

02-05-72 

108+58 

108+43 

Sand  with  hard-pan  gravel 

02-07-72 

108+43 

108+36 

Entire  base  of  mining  consists  of  sand  mixed  with 
coarse  sand  and  gravel 

02-07-72 

108+36 

108+31 

not  recorded 

02-08-72 

108+31 

108+11 

not  recorded 

02-09-72 

108+11 

107+76.5 

loose  sand  mixed  with  sharp  sand  and  gravel;  also 
chunks  of  clay  which  appeared  to  be  falling  from  the 
above  machine,  thereby  causing  voids  with  signs  of 
settlement  clear  to  the  surface 

02-09-72 

107+78.5 

107+65.5 

not  recorded 

05-08-72 

107+65.5 

107+63 

Wet  sand  mixed  with  traces  of  wet  clay 

05-08-72 

107+63 

107+58 

Very_wet  mud  and  sand 
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Date 

Station 

From  To 

Ground  Condition 

05-09-7 ? 

107+58 

107+1*8 

Mixed  clay,  sand,  travel,  and  water 

05-09-7? 

107+18 

107+38 

Soft  gray  clay,  mixed  with  sand,  gravel  and  water 

05-10-72 

107+25.5 

107+09 

Very  hard  gray  clay,  with  considerable  amount  of 
rocks  throughout 

05-11-72 

107+09 

106+71-5 

Very  hard  gray  clay,  with  many  rocks  throughout 

05-11-72 

107+09 

106+86.5 

Very  hard  clay  with  scattered  stones  throughout 

05-12-72 

106+58 

106+38 

Hard  gray  clay  with  scattered  stones 

05-12-72 

106+38 

106+18 

Hard  gray  clay  with  many  rocks  throughout 

05-12-72 

106+18 

106+03 

Hard  gray  clay  with  rocks  throughout 

05-13-72 

106+03 

105+88 

Very  hard  gray  clay  with  scattered  stones  and  some 
wet  spots,  within  1/1*  of  the  top  and  crown 

05-13-72 

105+88 

105+78 

Hard  gray  clay  mixed  with  rocks  and  sand 

05-13-72 

105+78 

105+68 

Dry  sand  with  some  clay  and  stones  throughout 

05-15-72 

105+68 

105+58 

Hard  gray  clay  mixed  with  sand  and  rocks  throughout 

05-15-72 

105+58 

105+1*1*.  5 

Hard  gray  clay  mixed  with  sand  and  rocks 

05-16-72 

105+1*!*. 5 

105+33 

not  recorded 

05-16-72 

105+33 

105+12 

Very  hard  gray  clay  with  traces  of  sand  and  many 
rocks 

05-16-72 

105+12 

10l*+97 

Hard  gray  clay  with  sand  and  stones  throughout 

05-17-72 

10l*+97 

lOlt+89.5 

Very  hard  gray  clay  with  scattered  stones 

05-17-72 

ioi*+:9.5 

10l*+72 

Hard  gray  clay  with  many  rocks  throughout ;  wet  silty 
sand  in  crown 

05-17-72 

10l*+72 

10U+60.53 

Soft  clay  and  sand  in  top  with  hard-pan  in  bottom; 
also  rocks 

05-16-72 

I0l*+60.  53 

10l*+55-53 

Very  hard  clay  approximately  3  ft  above  springline, 
with  silt  and  sand  above  machine 

05-16-72 

loU+55-53 

lOU+28.03 

Hard  gray  clay  with  considerable  amount  of  rocks 
throughout;  crown  shows  silty  sand  and  water 

05-18-72 

101.+28.03 

10lj+l8.03 

Soft  clay  and  sand  with  stones  throughout 

05-19-72 

10lt+l8 

10l*+15.5 

Firm  gray  clay 

05-23-72 

10l*+l5.5 

10li+03 

Very  -oft,  mud-like  clay  mixed  with  silt  and  water 

05-23-72 

10U+03 

103+93 

Very  soft  mud  and  sand  mixed  with  rocks  throughout 
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Table  8 

Summary  of  Grouting  Operations 
15  Mile  Road/Edison  Corridor  Tunnel  Failure  Study 


Grout 

Hole 

Location 

Date 

Instal led 

Date 

Grouted 

Quantity 
of  Grout 

2 

128+66 

- 

10 

'  E 

2/2/80 

2/7/80 

0  cu  f  t 

3 

128+67 

- 

12’ 

'  W 

2/5/80 

2/7/80 

0  cu  ft 

4 

131+83 

- 

12 

'  W 

2/3/80 

2/4/80 

110  cu  ft 

5 

131+83 

- 

9' 

E 

2/1/80 

2/2&3/80 

570  cu  ft 

6 

132+23 

- 

8’ 

E 

2/5/80 

2/6/80 

150  cu  ft 

8A 

132+40 

- 

9' 

E 

2/5/80 

2/6/80 

0  cu  ft 

10 

131+66 

- 

11 

'  E 

2/4/80 

2/5/80 

200  cu  ft 

11 

131+51 

- 

ll1 

1  W 

2/4/80 

2/6/80 

50  cu  ft 

12 

131+72 

- 

11 

'  w 

2/4/80 

2/4&5/80 

313  cu  ft 

15 

128+46 

- 

9’ 

E 

2/6/80 

2/7/80 

0  cu  t 

16 

128+52 

- 

12 

'  W 

2/6/80 

2/7/80 

0  cu  ft 

17 

128+26 

- 

9' 

E 

2/6/80 

2/7/80 

27  cu  ft 

Table  9 

Summary  of  Dates  of  TB  Borings  Pressure  Grouting  and  First  Settlement  Pin  Readin 


Not  Grouted 


Summary  of  Water  Leakage  from  Mineral  Buildup  at  Joints, 
Sta  123+00  to  115+00,  Nondist ressed  Area 


Station 

Type  of  Joint 

Tunnel  Side 

Type  of  Mineral  and/or 
Amount  of  Staining  or  Crust 

122+35 

Circumferential 

crack 

_ 

Heavy 

122+07 

Cold 

— 

121+75 

Construct  ion 

East 

and 

West 

Heavy  iron  crusts 

120+70 

Construction 

East 

and 

West 

Heavy  iron  crusts 

119+70 

Construction 

East 

and 

West 

Heavy  iron  crusts 

119+20 

to 

119+30 

Cold 

East 

and 

West 

Numerous  zones,  heavy 

119+00 

Cold 

East 

Slight  stain 

118+62 

Construction 

East 

and 

West 

Slight  stain 

117+07 

Unknown 

East 

and 

West 

Moderate 

116+50 

Construction 

East 

and 

West 

Heavy 

116+10 

Unknown 

East 

and 

West 

Heavy 

116+00 

to 

115+95 

Cold 

— 

Moderate 

115+45 

Construction 

— 

Slight 

115+35 

Crack 

— 

Moderate  (had  been  epoxied) 

Cone  Penetration  Data 
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Station 

114+42 


113+37 

112+32 


Table  12 

Construction  Joint  Conditions,  Distressed  Area  3 


_ Remarks _ 

Sandy  silt  inclusion  behind  4-in.  loose  core  piece, 
waterstop,  piece  of  wet,  partially  decayed  wood, 
lower  east  quarter;  waterstop  and  wood  higher  up  in 
joint  on  west  side 


Waterstop  and  piece  of  wood  in  keyway,  east  and  west 
sides  of  tunnel 


Piece  of  waterstop  visible  where  fractured  concrete 
had  fallen  out  of  crown 


111+27 


Waterstop  and  wood  in  keyway,  west  side,  lower 
quarter,  joint  leaking  water,  "epoxy"  written  on  wall 


BORING 

SAM. 

NO 

NO. 

WES-3 


WES- 4 


WES-9 


WES- 10 


LABORATORY 

CLASSIFICATION 


1  MECHANICAL  ANALYSIS  | 

GRAVEL 

% 

SANO 

% 

FINES 

% 

°10 

60.3 

Silty  SandSP-SM 

0 

93 

64.9 

Sand  SP 

0 

98 

Silty  Clay  CL 


Silty  Clay  CL 


SC-SM  14 


Sandy  Clay  CL 


Silty  Clay  CL 


ii  ii  H 


Silty  Clay  CL  |  0 


SiltySandSP-SM 


4.8 

Silty  Clay  CL 

10.7 

Silty  Clay  CL 

21.4 

Silty  Clay  CL 

25.8 

Silty  Clay  CL 

36.6 

Silty  Clay  CL 

45.2 

Clayey  Sand  SC 

47.8' 

Sand  w/Grav.SP 

50.6 

Sandy  Clay  CL 

50.6 

•t  tl  IT 

52.5 

Sandy  Clay  CL 

55.5 

Silty  Clay  CL 

64.5 

Silt  ML 

66.6 

Sandy  Silt  ML 

69.5 

Sandy  Silt  ML 
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Lee-  NATURAL  ICOMPACT.ON 

rp\u,TV  WATER  DR T 

IliRAVITY  CQNT  (JfNSITY 

G  %  LBS/CU  FT 
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20 

14 

25 

13 

2.74  12. 


125.9 


123.0 


118.5 


30 

18 

32 
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29 

16 
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24 

14 
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95.7 
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2.75  12.4|  131.3 


14 

9 

28 

12 

129.6* 
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24 

12 

24 

13 

.75**  10.5  132.6 


2. 73  12.0  142.2 


19.21  114.0 
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COMPACTION  DATA  SHEAR  OATA  I  PERMEABILITY 
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**  -  Estimate  \JC-  UNCONFINEO  COMPRESSION  O  -  UNCONSOLIDATl 


Table  Ik 

List  of  Samples  and  Results  of  Special  Piping  Tests 
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Table  18 


Summary  of  Schmidt  Hammer  Rebound 
Number  Measurements  on  Drilled  Cores 


Stat ion 

Tunnel 

Side 

Clock  hr 
North 

Rebound  Number 
Tunnel  Core  Core 

Location  End  Side 

133+13 

Crown 

12:00 

_ 

48 

41 

Invert 

6:00 

— 

— 

34 

132+50 

Invert 

6:00 

33 

29 

37 

W.  Wall 

9:00 

33 

41 

35 

Crown 

12:00 

26 

41 

33 

131+84 

Crown 

Not  known 

— 

33 

31 

Crown 

Not  known 

— 

36 

37 

131+60 

Crown 

Not  known 

— 

34 

34 

Crown 

Not  known 

— 

36 

32 

127+50 

Invert 

6:00 

27 

38 

33 

W.  Wall 

9:00 

42 

36 

35 

Crown 

12:00 

36 

34 

25 

119+15 

E.  Wall 

2:00 

38 

42 

37 

E.  Wall 

4:00 

38 

38 

33 

118+35 

E.  Wall 

1:00 

25 

45 

40 

117+70 

E.  Wall 

5:00 

38 

42 

37 

117+25 

E.  Wall 

3:00 

41 

46 

34 

Invert 

6:00 

35 

34 

39 

Crown 

12:00 

48 

41 

39 

115+47 

W.  Wall 

8:00 

— 

— 

— 

114+70 

Invert 

6:00 

31 

— 

— 

Invert 

6:30 

31 

30 

43 

W.  Wall 

9:00 

42 

44 

34 

Crown 

12:00 

40 

39 

34 

113+45 

E.  Wall 

3:00 

34 

39 

35 

Invert 

6:00 

28 

28 

34 

W.  Wall 

7:00 

37 

— 

— 

Crown 

12:00 

40 

37 

34 

112+20 

E.  Wall 

3:00 

37 

38 

38 

Crown 

12:00 

46 

42 

38 

112+18.5 

Invert 

6:00 

31 

31 

41 

Compressive 
Strength 
of  Core 
psi 

7260 


7510 

6690 

6620 

7220 

7790 

7590 

7870 

7640 

6690 

7060 

6250 

6370 

6280 

6440 

7060 


4440 

6070 

5480 

6740 

6400 

5260 

5560 

6190 


Table  19 


Summary  of  Schmidt  Hammer  Rebound 
Number  Measurements  on  In-Place  Concrete 


Average  Rebound  Number 

Location  for  Specific  Wall  Locations 


105-ft  Placement 
Station  Numbers 

of 

Readings 

Crown 

East 

Wall 

Invert 

West 

Wall 

134+37  -  133+32 

133+50 

42 

39 

32 

44 

133+32  -  132+27 

132+50 

26 

32 

33 

33 

132+27  -  131+22 

— 

— 

— 

— 

— 

131+22  -  130+17 

131+00 

45 

43 

22 

39 

130+17  -  129+12 

130+00 

38 

34 

19 

45 

129+12  -  128+07 

128+50 

38 

42 

19 

38 

128+07  -  127+02 

127+50 

36 

43 

27 

42 

127+02  -  125+97 

126+25 

35 

43 

16 

42 

125+97  -  124+92 

— 

— 

— 

— 

— 

124+92  -  123+87 

124+00 

37 

39 

41 

39 

123+87  -  122+82 

— 

— 

— 

— 

— 

122+82  -  121+77 

— 

— 

— 

— 

— 

121+77  -  120+72 

121+00 

33 

37 

26 

35 

120+72  -  119+67 

— 

— 

— 

— 

— 

119+67  -  118+62 

119+15 

43 

38 

25 

43 

118+62  -  117+57 

118+55 

41 

35 

25 

36 

118+35 

32 

25 

25 

41 

118+00 

41 

39 

23 

40 

117+70 

41 

38 

23 

40 

117+57  -  116+52 

117+25 

48 

41 

35 

42 

116+52  -  115+47 

— 

— 

— 

— 

— 

115+47  -  114+42 

115+00 

46 

33 

26 

38 

114+75 

42 

40 

21 

43 

114+70 

40 

43 

31 

42 

114+50 

41 

35 

26 

32 

114+42  -  113+37 

114+25 

46 

35 

37 

42 

114+00 

42 

41 

39 

42 

113+75 

38 

38 

33 

37 

113+50 

42 

36 

32 

41 

113+45 

40 

34 

28 

37 

Sheet  1  of  2 


Table  19  (concluded) 


Average  Rebound  Number 

Location  _ for  Specific  Wall  Locations 


105-ft 

Placement 

of 

East 

West 

Station 

Numbers 

Readings 

Crown 

Wall 

Invert 

Wall 

113+37 

-  112+32 

113+25 

42 

44 

20 

40 

113+00 

39 

41 

20 

40 

112+75 

37 

40 

39 

37 

112+50 

43 

42 

24 

39 

112+32 

-  111+27 

112+20 

46 

37 

31 

35 

112+15 

43 

32 

32 

37 

112+00 

42 

26 

27 

40 

111+75 

42 

39 

33 

34 

111+50 

43 

38 

29 

41 

111+27 

-  110+22 

111+25 

42 

25 

18 

37 

111+00 

38 

32 

26 

41 

Sheet  2  of  2 


Table  20 


Summary  of  Concrete  Thi 

cknesses  from 

Drilled 

Core  Measurements 

Locat ion 

Concrete 

Tunnel 

Clock  hr 

Thickness 

Stat ion 

Side 

North 

ft 

133+13 

Invert 

6:00 

1.2 

E.  Wall 

3:00 

1.2 

Crown 

12:00 

2.0 

132+50 

Invert 

6:00 

1.35 

W.  Wall 

9:00 

1.5 

Crown 

12:00 

1.5 

131+84 

Crown 

Not  known 

1.65 

Crown 

Not  known 

1.65 

131+60 

Large  Piece 

— 

1.1* 

(Approx) 

Assumed  to 
be  f  rom 
the  Crown 

1.1 

127+50 

Invert 

6:00 

1.35 

W.  Wall 

9:00 

1.4 

Crown 

12:00 

1.7 

119+15 

E.  Wall 

4:00 

1.45 

E.  Wall 

2:00 

1.35 

118+35 

E.  Wall 

1:00 

1.35 

117+70 

E.  Wall 

5:00 

1.6 

117+25 

Invert 

6:00 

1.9 

E.  Wall 

3:00 

1.45 

Crown 

12:00 

1.1 

115+47 

W.  Wall 

8:00 

1.5 

114+70 

Invert 

6:00 

1.6 

Invert 

6:30 

1.6 

W.  Wall 

9:00 

1.3 

Crown 

12:00 

1.65 

113+45 

Invert 

6:00 

1.65 

W.  Wall 

7:00 

1.6 

E.  Wall 

3:00 

1.6 

Crown 

12:00 

1.15 

112+20 

E.  Wall 

3:00 

1.6 

Crown 

12:00 

1.7 

112+18.5 

Invert 

6:00 

1.35 

*Not  actual  liner  thickness 


Table  21 

Summary  of  Physical  Test  Data  from  Drilled  Concrete  Cores 


Station 

Tunnel 

Side 

Clock  hr 
North 

133+13 

E.  Wall 

3:00 

Invert 

6:00 

Crown 

12:00 

132+50 

Invert 

6:00 

W.  Wall 

9:00 

Crown 

12:00 

131+84 

Crown 

Not  known 

Crown 

Not  known 

131+60 

Crown 

— 

(Assumed) 

— 

127+50 

Invert 

6:00 

W.  Wall 

9:00 

Crown 

12:00 

119+15 

E.  Wall 

2:00 

E.  Wall 

4:00 

118+35 

E.  Wall 

1:00 

117+70 

E.  Wall 

5:00 

117+25 

E.  Wall 

3:00 

Invert 

6:00 

Crown 

12:00 

115+47 

W.  Wall 

8:00 

114+70 

Invert 

6:00 

Invert 

6:30 

W.  Wall 

9:00 

Crown 

12:00 

113+45 

E.  Wall 

3:00 

Invert 

6:00 

W.  Wall 

7:00 

Crown 

12:00 

112+20 

E.  Wall 

3:00 

Crown 

12:00 

Compressive 

Strength 

psi 

Modulus  of 
Elasticity 

10^  psi 

Poisson 

Ratio 

— 

— 

— 

— 

— 

— 

7260 

— 

— 

7510 

5.05 

0.20 

— 

— 

— 

6690 

4.80 

0.19 

7790 

5.90 

0.29 

7590 

5.05 

0.20 

7870 

4.05 

0.15 

7640 

6.50 

0.24 

6690 

5.15 

0.28 

— 

— 

— 

7060 

— 

— 

6250 

4.80 

0.20 

6370 

4.75 

0.20 

6280 

4.75 

0.16 

7060 

4.75 

0.20 

6440 

4.85 

0.19 

— 

— 

— 

_ 

_ 

— 

4440 

— 

— 

6070 

— 

— 

5480 

— 

— 

6740 

5.00 

0.22 

6400 

4.70 

0.16 

— 

— 

— 

5260 

4.40 

0.19 

5560 

— 

— 

112+18.5  Invert 


6:00 


6190 
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APPENDIX  B 
GRADATION  CURVES 
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DIRECT  SHEAR  TEST  DATA 
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DETROIT  SEWER »  WES  3-2A  t  SILTY  K  R  UNDRAINED  LOADING  STAGE 


i:n-  fROTT  SEWER »  WES  4-24  r  CLAYEY  K  R  UNDRAINED  LOADING  STAGE 


DETROIT  SEWER »  WES  4-30 »  SILTY  K  R  UNDRAINED  LOADING  STAGE 


z  vC  ' i  id  C  'O  h  h  ro  h  ^  r-i  t  S3 'O  co  c  m  iii  h  n  ro  (>  h  o  r  <  *?■  >o  c  j  t  o 
j  h  ^ro«r'0>c-4'0  0'<rrsr-4Uioro>o--«^-r\^<rr^oror^a)OT-sii’;aDorf;’Ot>’H<rrN 

<£  <z  oooooT-j^-fr-(r4rjr^f^<r<r<ru‘3»iiii‘)'0'0'or^rvrvrscDa5aDa)CSi>o^csoco 

. . . . . . . 

X*—  OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO'-tr-rH 

<r  c n 


co  ^  o  <r  ri  !>  cq  l*j  -th  r-4  r-4  rs  ro  rj  ut  >  as  ro  i-»  00  cn  >o  w  >c  >c  ro  o  o  ^  o 

■Si  n  h  h  !jT  'O  'O  n  co  ®  o  ^  ^  h  h  n  n  «  ^  ^  'O  o  >  n  md  00  !>  o«  ^  o  rj  h 

*•  :>  uj  a.  o  r-?  ~4  <r  if?  'C  ;s  ao  o*  o  *h  cm  ro  «?■  in  rs  co  o*  ©  *h  r-j  m  <r  in  '■o  r\  ac  >  o  *-»  cn  to  in  *o  ^ 

w  iuCZ  '!)•****  + . . . . 

^  iZi -  r-4  ci  ct  ci  m  r-4  c-i  ci  cm  ci  ro  co  ro  ?o  ro  ro  ro  ?o  ro  «r  <r  <r  «r  <r  <r  ^  <r  «  in  u*>  in  in  -.n  in 

CO 

CO 


LlS  yj 

r~  ~z.  o  ro«rii'j'0?xoooo^Hr4n<rbT>opsQoO‘OtHC-4fo^ij')'OrvcDO'0-r-«r4ro^ru')'Or\oco^ 

-h  z  H  h  h  h  h  h  h  h  h  h  m  n  (N  m  r-i  w  (n  N  n  n  nio  m  n  m  rvo  n  n 


APPENDIX  F 

OVALLING  MEASUREMENTS 
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COMPUTER  PROGRAM  FOR  RESISTANCE  COMPUTATION 
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In  accordance  with  letter  from  DAEN-RDC,  DAEN-ASI  dated 
22  July  1977,  Subject:  Facsimile  Catalog  Cards  for 
Laboratory  Technical  Publications,  a  facsimile  catalog 
card  in  Library  of  Congress  MARC  format  is  reproduced 
below. 


Albert,  Dick 

15  Mile  Road/Edison  Corridor  Sewer  Tunnel  Failure  Study, 
Detroit  Area,  Michigan  /  by  Dick  Albert  ...  [et  al.]. 
(Geotechnical  Laboratory.  U.S.  Army  Engineer  Waterways 
Experiment  /  U.S.  Army  Engineer  District,  Detroit)  ;  prepared 
for  Environmental  Protection  Agency,  Region  5.  —  Vicksburg, 
Miss.  :  U.S.  Army  Engineer  Waterways  Experiment  Station; 
Springfield,  Va.  :  available  from  NTIS,  1981. 

185,  [212]  p.  :  ill.  ;  27  cm.  —  (Technical  report  /  U.S. 

Army  Engineer  Waterways  Experiment  Station  ;  GL-81-2) 

Cover  title. 

"January  1981." 

1.  Field  control  tests  (Soils).  2.  Laboratory  tests. 

3.  Structural  behavior.  L.  Tunnel  failures.  I.  United  States. 
Army  Engineer  Waterways  Experiment  Station.  Geotechnical 
laboratory.  II.  United  States.  Army.  Corps  of  Engineers, 
Detroit  District.  III.  United  States.  Environmental  Protection 
Agency,  Region  5.  IV.  Title.  V.  Series:  Technical  report 
(United  States.  Army  Engineer  Waterways  Experiment  Station) ; 
GL-81-2. 
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